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1. Abstract 

A key challenge in neuronal regeneration is the understanding and the control of the 

inflammatory response in pathological situations, in which microglia play a crucial role. 

Genetic findings have suggested that microglia are heterogeneous cells and are 

involved in almost every neurodegenerative disorder [1-4]. A comprehensive 

understanding how microglia adapt provides insight for therapeutic purposes. 

Nowadays it has been established that biomaterials can modulate cell morphology, 

migration and immune responses [5-9]. In an in vivo environment, the topological 

structure of the extracellular matrix (ECM) at the nanoscale provides a natural web of 

intricate nanofibers to support cells and guide their behavior [10,11]. Biomaterials with 

a topography close to the biological scale provide a substrate that does not require 

bioactive agents to modulate macrophage behavior [12,13]. Understanding and 

evaluating how the material surface regulates microglia behavior will provide cues for 

the design of instructive scaffolds and neuroinflammation models that can contribute 

to central nervous system (CNS) regeneration. 

In my Ph.D., I have addressed several aspects of the interaction between substrates 

and cells, such as neurons and microglia. This collaborative work has produced 

several papers which are included in my Ph.D. thesis. The main and most original 

contribution of my Ph.D. work is related to microglia and specifically to the modulatory 

effect of nanofibrils substrates on microglia properties. These are the main results of 

my thesis: 

1) The nanofibril topography of modified bacterial cellulose (mBC) substrates induces 

ramified microglia with constantly extending and retracting processes, reminiscent 

of what is observed in vivo.  

2) Microglia cultured on mBC substrates have a more negative resting membrane 

potential and increased inward rectifier K+ currents, which is similar to what is found 

in aged microglia.  
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3) Transcriptome analysis showed up-regulation of genes involved in the immune 

response and down-regulation of genes linked to cell adhesion and cell motion, 

which strengthened the aging-like phenotype. Moreover, we demonstrated that the 

elevated Kir2.1 channel expression accounts for the increased inward rectifier 

currents and membrane hyperpolarization. Meanwhile, the Arp2/3 complex 

activation is responsible for the modulation of microglia morphology and motility. 

4) When stimulated by lipopolysaccharide, microglia cultured on both coverslip and 

mBC substrates displayed activated phenotype, with retracted processes, enlarged 

cell areas and meanwhile increased pro-inflammation mediator release. However, 

compared with coverslip substrates, microglia cultured on mBC substrates showed 

less cell area enlargement and pro-inflammation mediator secretion. 

For the interface between three-dimensional (3D) scaffolds and neurons: 

5) We have demonstrated that hippocampal neurons cultured on 3D graphene foam 

(GF) scaffolds formed a neural network with higher firing frequency and 

synchronization compared with those cultured on flat 2D substrates. In addition, 

this 3D network had two synchronized regimes: a highly synchronized (HS) and a 

moderately synchronized (MS) regime, while the HS regime was never observed 

in 2D networks. During the MS regime, neuronal assemblies in synchrony changed 

with time as observed in mammalian brains. After two weeks, the degree of 

synchrony in 3D networks decreased, as observed in vivo. 

6) By growing carbon nanotubes (CNTs) in the pores of graphene foam (GF), we have 

obtained a fully interconnected graphene-carbon nanotube (GCNT) web. 

Dissociated cortical cells cultured inside the GCNT web form a functional 3D 

network exhibiting a spontaneous electrical activity that is closer to what is 

observed in vivo. By co-culturing and fluorescently labeling glioma and healthy 

cortical cells with different colors, a new in vitro model is obtained to investigate 

malignant glioma infiltration.  
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2. Introduction 

In the nervous system, there are two main groups of cells, glial cells and neurons. In 

the central nervous system (CNS, brain and spinal cord), glial cells include 

oligodendrocytes, astrocytes, ependymal cells, and microglia, and in the peripheral 

nervous system glial cells include Schwann cells and satellite cells. Microglia are the 

tissue-resident macrophages of the (CNS), which account for 5-20% of the total glial 

cell population within the brain [14,15]. They serve both immune-related and glial 

functions by taking part in the overall brain development and homeostasis, including 

neural development, immune surveillance, Synaptic stripping, response to injury and 

so on (Figure 1) [16]. 

 

Figure 1. Multitasking Microglia [16]. Schematic representation of microglial roles in the developing 
brain. Yellow and pink boxes indicate microglial roles during developmental stages and general 
immune-related functions, respectively. 

Recently, with more and more important new roles being discovered both under 

physiological and pathological conditions, microglia have become a research hotspot. 

However, there are still many questions which need to be further studied and 

answered. It is necessary to achieve a true mechanistic understanding of how 

microglia sense the local environment and decide the appropriate responses and how 

they work and interact with other cell types in the brain. 
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2.1 Microglia phenotypes 

Microglia are remarkably plastic and capable to adopt distinct and dynamic 

phenotypes in response to their ever-changing surroundings [17]. In the healthy brain, 

microglia adopt a ramified morphology characterized by a small cellular body and 

multiple long and thin branched processes, which was classically defined as “resting” 

microglia [18]. However, this view was challenged by recent work, through two-photon 

imaging in vivo studies, these ramified microglia were found to be highly active, 

continuously extending and retracting their processes to survey the surrounding 

environment [19,20]. When encountering any insult or tissue damage, microglia readily 

undergo morphological, molecular, and functional changes and become “activated” 

[21,22]. “Activated” microglia can morph into an amoeboid-like morphology, migrate 

toward injured areas, undergo proliferation and phagocytosis, secrete inflammatory 

mediators, and present antigens [23,24]. Activated microglia have been observed in 

many neurological diseases of diverse aetiology [25]. It is increasingly accepted that 

activation of microglia is not “all or none”, it’s rather a continuous process [26,27]. The 

activation of microglia is a "double-edged sword". Despite the limitations of using 

macrophage M1/M2 classification to define the activation phenotype of microglia, it 

has produced valuable insights into the functions of microglia/macrophages during 

CNS injury and repair [28-30]. 

Microglial heterogeneity is reflected in both physiological and pathological conditions. 

In the past two decades, different microglia subtypes have been continuously identified 

(Figure 2) [31]. Recent studies found that microglia in different brain regions differ in 

cell number, cell and subcellular structure, molecular markers, and related functions 

(Figure 3, Reviewed in [32]). In addition, works have also shown that microglia can 

aquire more than one activation phenotype in the progression of neurodegeneration 

and aging (Figure 4) [33-39], or even just in different locations (Aβ plaque- associated 

or distant) [40]. Furthermore, microglia derived from male and female mice showed 

notable differences in structure, transcriptional signature, immune response (Figure 
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5A-C) [41-43]. Meanwhile, sex differences in microglia are considered an important 

factor in the inflammatory responses that are seen after ischemic injury (Figure 5D) 

[44]. 

 

Figure 2 Historical overview of microglial subtype identification [31]. 
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Figure 3 Regional heterogeneity of microglia in the brain [32]. Microglia differ in their cell number, 
cellular and subcellular structures, molecular signature as well as relevant functions in different 
mouse brain areas. 

 

Figure 4 Microglia heterogeneity in the progressing of neurodegeneration and aging [39]. A) 
Multiple disease stage-specific cell states were found during progression of neurodegeneration, 
including two molecularly distinct reactive microglia phenotypes that are typified by modules of co-
regulated type I and type II interferon response genes, respectively [36]. B) Single-cell RNA-seq in 
Alzheimer’s model identified a novel neurodegenerative diseases associated (DAM) microglia type, 
which is activated sequentially by Trem2-independent and -dependent pathways [33]. C) Single cells 
isolated from naïve (blue)- and LPS-treated mice showing two distinct subpopulations among cells 
isolated from LPS-injected mice (n = 703, red; n = 67, yellow) [35]. D) Effects of aging on the microglial 
mRNA expression profile. With aging, sensome transcripts for endogenous ligand recognition were 
downregulated, whereas those involved in microbe recognition and host defense were upregulated. 
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Figure 5 Gender-related microglial heterogeneity. A) Microglia freshly isolated from male and female 
mouse brains displayed differences in the structure, function, and transcriptomic and proteomic profiles 
[42]. B) Microglia from healthy adult mice shown significant sexual differentiation in transcriptome profile, 
and female microglia show a neuroprotective phenotype [41]. C) Microglia respond to signals from the 
gut microbiome, in a sex- and time dependent manner [43]. D) Sex differences in microglia are 
considered an important factor in the inflammatory responses that are seen after ischemic injury [44]. 
See the details from the references. 

Although microglia have various recognized heterogeneous characteristics as 

described above, and the diversity of microglia phenotypes will eventually translate 

into differences in physiological and pathological functions [45,46], the link between 

phenotype and function is still poorly understood. Recent work found that region-

specific basal ganglia microglia phenotypes can be re-established following genetic or 

pharmacological ablation and repopulation in the adult, indicating that local cues play 

an ongoing role in shaping microglial diversity [47]. In another recent study, the self-

renewal of microglia shift from stochastic process to selected clonal expansion during 
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CNS pathology was highlighted [48]. Yet, what kind of clues appear in the pathological 

environment and how they selectively regulate the proliferation of microglia remain to 

be explored. Given the heterogeneity of microglia, targeting microglia only in a region-

specific manner rather than globally is considered to have broader prospects in 

developing targeted modulatory therapies for treating various CNS disorders. 

Interpreting what and how key internal or environmental cues may drive microglia 

heterogeneity is a critical step [32]. 

2.2 Biomaterials and cell interfaces 

Cell fate and behaviors are determined by both intrinsic cell factors and extrinsic 

signals from the surrounding environment [49]. Key components of the cell 

microenvironment include neighboring cells, soluble factors, the extracellular matrix 

(ECM), and biophysical fields (Figure 6) [50], in which ECM not only provides a natural 

web to support cells but also present instructive biochemical and biophysical cues, 

such as composition, stiffness, and topography signals to guide their behaviors [51-

53]. In recent years, biomaterials have been used to study a wide range of outside-in 

signaling events, and it is now well appreciated that material cues can modulate cell 

morphologies, adhesion, proliferation, differentiation, migration, immune response and 

gene expression [5-9]. The main design aspects for novel biomaterials are driven by 

the desire to mimic more diverse and complex properties of the natural ECM. However, 

the natural cellular environment is highly complex and dynamic, as mentioned above, 

cells respond to three main categories of ECM cues: chemical, topographical, and 

mechanical. Therefore, to better understand cell–material interactions and develop 

biomaterials for advanced applications, revealing the basic role of each cue involved 

in cell–material interactions is extremely important. 
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Figure 6 Schematic illustration of the main components of the cell microenvironment [50]. Key 
components of the cell microenvironment include neighboring cells, soluble factors, the ECM, and 
biophysical fields (e.g., stress and stain, electrical, and thermal fields). Among these, the ECM not only 
serves as a structural support for cells to reside within but also provides diverse biochemical and 
biophysical cues for regulating cell behaviors. 

Cells inhabit in a complex spatiotemporal microenvironment, receiving signals 

combining the soluble and insoluble inputs of ECM and neighboring cells. Despite the 

progress in material-cell interfaces, the mechanisms by and extent to which a cell 

distinguishes these signals as distinct information are yet to be fully understood. In a 

recent review (Figure 7) [6], “cues” presented to a cell from a materials-based 

standpoint was simply divided into three main categories: (1) direct application of 

mechanical force, such as fluid shear stress or cyclic stretching; (2) conventional 

biological stimuli, covering the incorporation of soluble cues and tethered adhesion 

molecules; and (3) physical material properties at varying length scales (macro-, 
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micro-, and nanoscales), covering stiffness, topography, and control of cell shape. 

They suggested that cells may not independently perceive complex physical cues, 

such as cell shape, micro-topography or applied force, but these cues may affect 

overlapping tension-sensitive signaling pathways differently. 
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Figure 7 External biophysical regulation of cell fate and function [6]. Extrinsic cues can be divided 
into three general categories: (A) Direct application of mechanical forces, such as shear stress and 
mechanical strain are relatively well-characterized examples of how biophysical signals from the 
microenvironment activate specific signaling pathways and alter the epigenetic status. Shear stress is 
transduced through multiple mechanisms, and a few key examples listed here include voltage-gated 
ion channels, G protein-coupled receptors (GPCRs), and cell adhesion molecules such as cadherins 
and platelet-endothelial cell adhesion molecule (PECAM). These sensors activate classical elements 
such as the MAPK pathway, which leads to the nuclear translocation of ERK1/2 and p38 to act on 
downstream target genes, and activation of PI3K and PKA. (B) Conventional biological stimuli include 
cell-ECM and cell-cell interactions, and receptor patterning/clustering. These events exhibit a feedback 
response: the cell receives specific input from one of these effectors, and in turn changes the signal by 
altering the composition or organization of the ECM or responds with an additional signal to a 
neighboring cell and propagating the message into something dynamic. Cell-ECM interactions are 
dominated by integrins at the cell surface that exert their effect directly on the nucleus via cytoskeletal 
filaments. Cell-cell interactions act in a similar manner but also include cell adhesion molecules such 
as cadherins. Receptor patterning occurs naturally in the sense that the spatial distribution of signaling 
or adhesion molecules affects cell behavior. (C) Physical material properties at the macro, micro and 
nano scales include surface topography, cell adhesion and shape, and substrate stiffness. 

Adherent cells derive critical signals from their interactions with the ECM to regulate 

cell phenotypes. The mechanical information transmitted from the ECM is largely 

processed through integrin-based adhesions, which provide a mechanical linkage 

from the ECM to the intracellular cytoskeleton and cellular signaling pathways (Figure 

8) [54].  

 

Figure 8 Mechanosensing mechanisms in injury, repair, and fibrosis [54]. Cells receive mechanical 
cues via mechanosensitive proteins at the cell membrane–cytoskeletal cortex interface (e.g., PIEZO1/2), 
as well as cell-cell and cell-matrix adhesions, with cadherins and integrins being the most common 
mechanical signaling interfaces. Mechanical signal processing occurs through adhesion protein 

15 
 



clustering, stabilization of protein-protein interactions (e.g., integrin-talin), and activation of biochemical 
and transcriptional signaling pathways. These signals may initiate at cell-cell or cell-matrix adhesion 
sites, or as a consequence of cytoskeletal remodeling (actin, myosin, Rho/ROCK) within the cytoplasm. 
Cytoskeletal remodeling can also transmit forces across the nuclear envelope (nesprins, lamins), 
potentially directly altering the environment for transcription. The combination of forces directly 
transmitted to the nucleus and the nuclear localization of mechanoactivated transcriptional regulators 
combine with a variety of epigenetic mechanisms to transiently or persistently alter cellular programs 
that drive injury, repair, and fibrosis responses  

2.2.1 Biomaterials for neural cell interfaces 

The central nervous tissue does not regenerate under normal conditions, but tissue 

engineering and regenerative medicine, using biomaterials as scaffolds, have 

provided promising medical approaches [55]. The ultimate goal of neural tissue 

engineering is the fabrication of structures that can mimic the natural environment to 

determine cellular responses. The nervous tissue is the most complex system of 

human anatomy, comprising a complex multilayer environment with a large spectrum 

of topographical features [55,56]. Distinct scaffolds based approaches are created as 

experimental models or for central nervous system regeneration. Electrospinning has 

emerged as an attractive technique for producing biomimetic fibrous scaffolds with 

controlled architectural properties, and is often used in the study of axon orientation in 

spinal cord injury [57,58]. In addition, hydrogel scaffolds have also received a 

considerable interest as leading candidates for engineered tissue scaffolds, as they 

have mechanics similar to many soft tissues, and can be easily used to reconstruct 

irregularly shaped defect sites [59,60]. More complex scaffolds, such as grooved 

micropatterned substrates and aligned electrospun fibers, were created for axon 

guidance [61-63]. The effect of substrate topography and stiffness has been 

extensively studied. Compared with isotropic topographies, anisotropic continuous 

linear topographies are reported to promote the differentiation of neural stem cells into 

neurons [64]. Anisotropic topographies are directionally dependent, providing cues 

preferentially along a single axis, which may better mimic the in vivo microenvironment 

of nerve cells [56]. Leipzig and co-workers reported that neural stem/progenitor cell 

proliferated on methacrylamide chitosan substrates with Young's elastic moduli below 
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10 kPa and exhibited maximal proliferation on 3.5 kPa surfaces. Neuronal 

differentiation was favored on the softest surfaces with Young's elastic moduli < 1 kPa, 

while oligodendrocyte differentiation was favored on stiffer scaffolds (> 7 kPa), and 

astrocyte differentiation was only observed on < 1 and 3.5 kPa surfaces [65]. 

Dongyuan and co-workers also reported that stiffness and topography have an 

independent or combined impact on the stemness and differentiation of embryonic 

stem cells, and topography has less effect on soft substrates [66]. Recently, another 

growing trend is to design more functional therapeutic scaffolds, by functionalizing with 

neurotrophins, growth factors and anti-inflamatory drugs, and / or loading with stem 

cells, for neural tissue repair [67,68]. Among these, 3D bioprinting is a new effective 

strategy. By bioprinting neuronal constructs, one can precisely control the 

microenvironment by specifically formulating the bioink for neural tissues, and by 

spatially patterning cell types and scaffold properties in three dimensions. A range of 

bioprinted neural tissue models were reviewed in [69,70]. 

To design an ideal neural scaffold, besides the key characteristics, such as neuro-

compatibility, proper elastic property and biomimetic hierarchical microarchitecture, 

the capacity for electrical conductivity is also desirable [71]. Emerging carbon-based 

materials, have been widely utilized to produce scaffolds with improved mechanical 

strength and conductivity [72]. Recently, we and other groups have discovered the 

great potentials of using graphene for neural interfacing, as it could promote neurite 

sprouting and outgrowth in primary culture of hippocampal neurons [73], enhance the 

neural performances in the network differentiated by neural stem cells (NSCs) [74], 

and direct stem cell differentiation [75,76]. Meanwhile, our previous work showed 3D 

graphene foam (GF) was able to greatly induce NSC differentiation to neuronal lineage 

and reduce the inflammatory response [77,78]. To further develop a more 

physiologically relevant in vitro microenvironment to mimic the complex of brain 

connections, the first aim of my Ph.D. researches is to investigate the dynamic of 

graphene foam scaffold based 3D neuronal network, and by improving the 

interconnectivity of GF scaffold allowing the reconstruction of in vitro neuronal 
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networks which could be used for the screening of drugs against a variety of diseases, 

such as malignant glioma infiltration. 

2.2.2 Biomaterials for immune cell interfaces 

The ever-expanding use of biomaterials in vaccine, immunotherapy, tissue 

engineering and regenerative medicine fields is also increasing the demands for 

deeper understanding of the interaction between materials and the immune cells 

[7,79,80]. Recently, strategies to design the novel immunomodulatory biomaterials is 

shifting from “immune-evasive” bio-materials to “immune-interactive” smart materials 

to harness the beneficial effects by modulating the inflammatory response towards 

healing and regeneration [80,81]. Different biomaterial based immunomodulation 

strategies, such as changing the chemical and physical properties of the base 

biomaterial, controlling the release of anti- or proinflammatory cytokines, cell therapy 

methods via the direct inclusion of immune cells or induction of the incoming cells, 

were illustrated in Figure 3 [81]. 
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Figure 9 The activation of monocytes into mature tissue macrophages among other host 
inflammatory cells will play a central role in tissue remodeling and integration at the biomaterial-
host interface [81]. Various strategies include (1) The use of biomaterial physical properties such as 
stiffness or topography to control adsorption of specific proteins. This way, the integrin adhesion of 
monocytes and thus polarization of macrophages can be adapted. (2.1) The use of non-biofouling 
coatings to prevent protein adhesion to the biomaterial surface; (2.2) use of biomimetic ECM 
components to control the integrin adhesion of monocytes and to disturb subsequent M1 activation 
and/or induce M2 activation of macrophages; (2.3) use of hydrogels to isolate implants from immune 
cells and thus to limit an inflammatory response. (3.1) The use of surface coatings for the delivery of 
soluble anti-inflammatory agents; (3.2) use of biomaterial embedded particles for the delivery of soluble 
anti-inflammatory agents; (3.3) use of gene delivery systems to induce residing cells to secrete anti-
inflammatory agents. (4) The use of embedded immune cells secreting pro-angiogenic and pro-
regenerative cytokines. 

Although it has long been known that biochemical signals can dynamically influence 

immune cell response, the role of biophysical cues has only recently emerged. 

Topography close to the biological scale provides a passive approach that does not 

require bioactive agents to modulate macrophage behavior [12,13]. Chen and co-

workers studied the effect of nano/microtopography in macrophage behavior using 

gratings (500 nm to 2 mm parallel) imprinted on selected polymer surfaces [12]. Cell 

adhesion and elongation were found to occur maximally on 500 nm gratings compared 

to planar controls, and TNF-α and VEGF secretion levels showed greatest sensitivity 

to topographical effects, with reduced levels observed on larger grating sizes. 

Topography-induced changes were found independent of surface chemistry. In 

another work, micro- and nanopatterned grooves on titanium surfaces was also found 

to influence macrophage elongation, and driving macrophages toward an anti-

inflammatory, pro-healing phenotype [82]. Using a micropatterning approach to control 

macrophage cell shape directly, McWhorter and co-workers found that elongation 

itself, without exogenous cytokines, leads to the expression of M2 phenotype markers 

and reduces the secretion of inflammatory cytokines [83]. They showed the elongation 

enhances the effects of M2-inducing cytokines IL-4 and IL-13 and protects cells from 

M1-inducing stimuli LPS and IFN-γ. Moreover, they suggested that the cytoskeleton 

plays a role in the control of macrophage polarization by cell geometry. Very recently, 

a high throughput screening approach is utilized to investigate the relationship 
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between topography and human monocyte-derived macrophage attachment and 

phenotype, using a diverse library of 2176 micropatterns generated by an algorithm 

[84]. It was revealed that micropillars 5-10 µm in diameter play a dominant role in 

driving macrophage attachment compared to the many other topographies screened, 

an observation that aligns with studies of the interaction of macrophages with particles. 

Combining the pillar size with the micropillar density is found to be key in modulation 

of cell phenotype from pro to anti-inflammatory states.  

Substrate stiffness, which is associated with enhanced tumor and tissue injury 

progression, is another physical aspect of materials that influence immune responses 

[54,85]. Substrates with lower stiffness were reported to reduce macrophage activation 

[86,87] and changes in stiffness to modify their area, migration speed, actin 

organization, and proliferation rate [88]. Recently, Jain and Vogel reported that 

preventing macrophage spreading by spatial confinement suppresses late 

lipopolysaccharide (LPS) activated transcriptional programs by mechanomodulating 

chromatin compaction and epigenetic alterations [89]. In another work, Jiang and co-

workers found that macrophages within smaller and softer pores exhibit 

proinflammatory phenotype, whereas anti-inflammatory phenotype is induced by 

larger and stiffer pores [90]. Although there is increasing evidence that biophysical 

cues can modulate immune cell behaviors, the exact cellular mechanisms and 

intracellular signaling pathways that mediate this still require further investigation. 

Sensing of all biophysical cues including material stiffness, topography and 

mechanical forces likely involves overlapping mechanisms that include integrin-

mediated adhesion and ion channel activity. The potential macrophage 

mechanotransduction pathways were illustrated in Figure 10 [91]. 
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Figure 10 Schematic of potential macrophage mechanotransduction pathways [91]. 
Macrophages integrate soluble and physical cues from their microenvironment to regulate their 
adhesion, phagocytosis, migration, and activation (left). Podosomal‐type adhesions contain integrins, 
which physically anchor cells to the ECM, and bind intracellularly to adhesion‐associated scaffolding 
and signaling proteins and the actin cytoskeleton (box 1). Forces transmitted across integrins and 
cytoskeleton, as well as plasma membrane tension, regulate stretch‐activated ion channels (box 2). 
Biophysical cues trigger nuclear translocation of transcriptional regulators to direct gene expression 
(box 3), and may also regulate epigenetic enzymes including writers and erasers, which add and 
remove chromatin modifications, respectively while also enabling readers that detect modifications (box 
4). BRDs: bromodomain-containing proteins, DNMTs: DNA methyltransferases, ECM: extracellular 
matrix, FAK: focal adhesion kinase, H3Ac: histone H3 acetylation, HDACs: histone deacetylases, 
Methyl-C: cytosine methylation, MRTF-A: myocardin‐related transcription factor, NPC: nuclear pore 
complex, Pyk: protein tyrosine kinase, TLRs: Toll-like receptors, TRP: transient receptor potential, YAP: 
yes-associated protein. 

2.2.3 Biomaterials for microglia interfaces 

Tissue engineering and regenerative medicine in the nervous system have provided 

new alternative medical approaches for neurological diseases. The ultimate goal of 

neural tissue engineering is to exactly mimic the extracellular matrix in our body, and 

to elicit a combination of biochemical, topographical and electrical cues via various 

biomaterials, cells, growth factors and drugs for efficient nerve regeneration [58]. At 
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the same time, it has been shown that neural tissue engineering provides the potential 

to model neurological diseases in vitro for drug screening and cell mechanism 

investigation [86]. Microglia are multi-functional cells that play a vital role in 

establishing and maintaining the function of the nervous system and determining the 

fate of neurons following injury or neuropathology [87]. As mentioned before, microglia 

are the key cellular mediators of neuroinflammatory processes, and their activation is 

not “all or none”, but rather a continuous process [26,27]. Understanding how microglia 

adapt to biophysical cues of biomaterial will help the development of in vivo mimic 

models that can recapitulate diverse microglial phenotypes and activation states for 

microglia-based therapeutic strategies evaluation. Moreover, with the progress in 

biomaterials and cell interface, the study of smart immunomodulatory biomaterials are 

on the cutting edge. Investigating the interaction between biomaterials and microglia, 

and revealing the underlying mechanisms will pave the way for regenerative medicine 

material design. 

There is increasing evidence that biophysical cues including material topography, 

stiffness and mechanical forces can modulate macrophage behaviors [12,13]. In the 

nerve system, previous studies on astrocytes highlighted the critical role of biophysical 

cues to bias the response of glial cells to injury. For instance, contact of astrocytes 

with fibres is able to promote a decrease in GFAP expression [92], and Fibrous-

induced increases in astrocyte GLT-1 expression protected neurons from toxicity 

generated by high extracellular glutamate [93].  

Despite the vital role of microglia in neuroinflammation, studies on microglia–material 

interaction are still in infancy. Haw and co-worker found that BV2 microglia cultured in 

3D collagen hydrogels exhibit multiplanar cytoplasmic projections and undergo a 

characteristic and robust activation response to LPS [94]. Our previous work also 

demonstrated that compared with 2D culture [78], 3D graphene foam can reduce the 

inflammation of BV2 microglia and increase the release of chemokine, for example 

SDF-1α, to promote neural stem cell migration [95]. In addition, Primary microglia were 

found to selectively adapt to diverse microstructured substrates modifying accordingly 
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their morphological features and behavior [96]. Furthermore, microglia cultured on 

electrospun fibers were found to present elongated processes and with increased pro-

inflammatory cytokine secretion [97]. In what concerns mechanics, a peptide hydrogel 

was found to induce a significant microglia proliferation and an increased production 

of the neurotrophic factor NGF [98]. Very recently, stiff substrates were found to induce 

microglial bipolarization and diminish TGFβ1 expression in hydrogels. Moreover, both 

microglial bipolarization in vivo and the responses to stiff substrates in vitro require 

intracellular adaptor Kindlin3 but not microglial integrins [99]. 

As mentioned before, material biophysical cues including topography and stiffness can 

remarkably modulate cell behaviors including immune response. Currently, emerging 

nanotechnologies offer numerous opportunities to fabricate novel scaffolds, such as 

nanodot arrays and nanofibers [58,100]. Nanofibers are a new class of promising 

scaffolds that mimic the natural extracellular matrix and support nerve regeneration. 

Among natural nanofibers, cellulose is the most abundant on earth, and its low cost 

and biocompatibility offer great potential in regenerative medicine [101]. Bacterial 

cellulose (BC) was frequently used in wound dressing, bone regeneration and neural 

electrode [102,103]. BC microstructures were designed at multilevels to investigate 

their effects on neural stem cells differentiation and neuronal cell alignment [104]. 

Besides the excellent biocompatibility, the ultra-fine and highly entangled nanofibril 

network, unique micro and nano topography, high transparency and good water-

uptake ability, make BC an ideal cell culture substrate. The main goal of my Ph.D. 

researches is to reveal the modulatory effect and mechanisms of BC nanofibrils 

substrates on microglia phenotype, especially the effect of material topography. 
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3. Results 

This section is the sum of the published papers and papers in preparation during my 

Ph.D. They were finished by me and my collaborators under the supervision of Prof. 

Vincent Torre and his collaborators. In detail: 

 In the first article published in Biomaterials, I determined the bacterial cellulose 

substrate treatment protocol and primary microglia culture protocol, performed the 

live cell imaging, immunofluorescence, RNA sequencing sample preparation and 

analyzed the data. I prepared the figures and wrote the manuscript with all the 

authors.  

In this work, we reported that textured nanofibrils induce microglia to become more 

ramified with properties reminiscent of what is observed in vivo upon aging. The 

results indicate that some aspects of in vivo dystrophic microglia can be 

recapitulated by culturing on nanofibril substrates in vitro, which expands our 

knowledge of the interactions between nanofibers and microglia and may help in 

designing neural scaffolds and in vitro neuroinflammation models for regenerative 

medicine. 

 In the second article in preparation, I set the cell culture protocol, performed the 

live cell imaging, immunofluorescence, inflammatory mediator detecting. I 

analyzed the data and prepared the figures. I wrote the manuscript with all the 

authors.  

In this work, we investigated the effect of mBC substrates on microglia immune 

response. Our study suggests the anti-inflammtory effect of mBC substrates may 

via restricting microglia deformation, paving the way for a microglia-material 

interface that may be very valuable for the designing of material-based anti-

neuroinflammatory approaches. 
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 In the third article published in Advanced Materials, I participated in the design of 

scaffold, determined cell culture protocol, and performed immunofluorescence. 

In this work, we obtained a fully interconnected graphene–carbon nanotube 

(GCNT) web. Dissociated cortical cells cultured inside the GCNT web form a 

functional 3D network exhibiting a spontaneous electrical activity that is closer to 

what is observed in vivo. By coculturing and fluorescently labeling glioma and 

healthy cortical cells with different colors, a new in vitro model is obtained to 

investigate malignant glioma infiltration. 

 In the fourth article published in Scientific Reports, I fabricated and characterized 

the scaffold, participated in determining the culture protocol, performed calcium 

imaging and immunofluorescence together with my collaborators. 

In this work, we fabricated 3D graphene foams to grow a network of primary 

hippocampal cells. We found that the morphology and the dynamics of 3D 

neuronal networks differ from those of 2D neuronal networks and better 

recapitulate what is observed in vivo. These results show that dimensionality 

determines properties of neuronal networks and that several features of brain 

dynamics are a consequence of its 3D topology. 

I actively participated in and made a major contribution to all these works.  
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A B S T R A C T

Microglia are highly plastic cells that change their properties in response to their microenvironment. By using
immunofluorescence, live-cell imaging, electrophysiological recordings and RNA sequencing, we investigated
the regulation of modified bacterial cellulose (mBC) nanofibril substrates on microglial properties. We de-
monstrate that mBC substrates induce ramified microglia with constantly extending and retracting processes,
reminiscent of what is observed in vivo. Patch-clamp recordings show that microglia acquire a more negative
resting membrane potential and have increased inward rectifier K+ currents, caused by an upregulation of Kir2.1
channels. Transcriptome analysis shows upregulation of genes involved in the immune response and down-
regulation of genes linked to cell adhesion and cell motion. Furthermore, Arp2/3 complex activation and in-
tegrin-mediated signaling modulate microglial morphology and motility. Our studies demonstrate that mBC
nanofibril substrates modulate microglial phenotype, paving the way for a microglia-material interface that may
be very valuable for anti-neuroinflammatory drug screening.

1. Introduction

Microglia are the resident immune cells of the central nervous
system (CNS) and regulate brain development, the maintenance of
neuronal networks, and response to injury [1]. A growing body of
evidence has suggested that these cells play a vital role in brain
homeostasis, as well as in the progress of neuroinflammation associated
with neurodegenerative diseases, such as Alzheimer's disease (AD),
Parkinson's disease (PD) and amyotrophic lateral sclerosis (ALS) [2–5].
To fulfill their multiple functions during development and disease,
microglia acquire distinct phenotypes [6–9]. Since changes in micro-
glial properties interfere with the process of neuroinflammation, the
identification of the mechanisms that regulate microglial phenotypes
will suggest effective therapeutic strategies.

It is established that materials can modulate cell morphology, mi-
gration and immune responses [7,10–13]. Topography close to the
biological scale provides a passive approach that does not require

bioactive agents to modulate macrophage behavior [14]. Previous re-
ports have revealed that the 3D architecture of nanofibers modulates a
cytotrophic astrocytic phenotype with a 3D stellate morphology and
reduced GFAP expression and actin stress fibers [15,16]. In an in vivo
environment, the topological structure of the extracellular matrix
(ECM) at the nanoscale provides a natural web of intricate nanofibers to
support cells and guide their behavior [17,18]. Presently, the effect of
materials on microglial morphology has only been documented at the
microscale [19,20], and the influence of materials on microglial func-
tions mainly involve changes in cytokine release after stimulation
[21–23]. The basal influence of topological structure at the nano- and
submicroscales on microglial properties and the related mechanisms
remain to be fully elicited.

Currently, emerging nanotechnologies offer numerous opportunities
to fabricate novel scaffolds, such as nanodot arrays and nanofibers.
Nanofibers are a new class of promising scaffolds that mimic the natural
extracellular matrix and support nerve regeneration. Among natural
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nanofibers, cellulose is the most abundant on earth, and its low cost and
biocompatibility offer great potential in regenerative medicine [24].
Bacterial cellulose (BC) was frequently used in wound dressing, bone
regeneration and neural electrode [25,26]. BC microstructures were
designed at multilevels to investigate their effects on neural stem cells
differentiation and neuronal cell alignment [27]. Herein, to identify the
effect and mechanism of nanofibril substrates on microglial properties,
we investigated the morphology, mobility, electrophysiological prop-
erties and related gene expression profiles of microglia on modified
bacterial cellulose (mBC) nanofibrils compared with conventional flat
glass and hydrogel substrates in detail. Our work elucidates the re-
markable regulatory effect of mBC nanofibrils on microglial properties,
which may pave a new path for regenerative medicine material design.

2. Materials and methods

2.1. Preparation of nanofibril and hydrogel substrates

Modified bacteria cellulose (mBC) nanofibril substrates: BC
nanofibrils were prepared via a static fermentation process at 30 °C
using Acetobacter xylinum NUST4.2 (stored in our laboratory) [28]. The
BC nanofibrils were further etched with 0.1 M sodium hydroxide so-
lution at 80 °C for 2 h and thoroughly rinsed with double distilled water
and PBS to a neutral pH value several times to remove the bacteria and
the alkaline solvent. After that, the BC nanofibrils were dried in air at
80 °C around 4 h until the transparent color becomes white (> 99%
weight loss). The substrates were rinsed with sterile water, sterilized
with 95% alcohol, and evaporated at ultraviolet light for more than
20 min. To improve cell adhesion, the dried BC nanofibrils were re-
hydrated in 20 μg/mL poly-L-ornithine (catalog no. P3655; Sigma-Al-
drich) solution for 4 h at 37 °C, rinsed with sterile water twice, im-
mersed in 20 μg/mL laminin (catalog no. L2020; Sigma-Aldrich)
solution overnight and rinsed with PBS buffer twice. Then, the modified
BC (mBC) was incubated in DMEM with 10% fetal bovine serum (FBS)
for more than 2 h. Meanwhile, the rehydration ratio was measured by
directly immersing of dried BC nanofibrils in double distilled water for
around 48 h, and the rehydration ratio of BC nanofibrils was around
20–30% (equal to weight loss of 80–70%).

Agar hydrogel: Agar hydrogel (1% wt) was prepared by dissolving
agar powder (Sigma-Aldrich) in water and heating at 90 °C for 10 min.
After cooling to 60 °C, the agar solution was poured into a Petri dish
and cooled to room temperature to form a hydrogel film.

Polyacrylamide (PAM) hydrogel: Polyacrylamide gels were syn-
thesized with acrylamide (4% v/v) as a gel-former, methylenebisacry-
lamide as a cross-linker, tetramethylethylenediamine (TEMED) as a
catalyst, ammonium persulfate (APS) as a radical initiator, and water as
the medium. The solution was poured into a Petri dish without creating
bubbles and reacted for 1–2 h to form a hydrogel film. The film was
rinsed with water several times to remove the unreacted reagents.

BC spin coated films: BC solution was prepared by dissolving
bacterial cellulose (3% wt) in 8% LiCl/N,N-dimethylacetamide (LiCl/
DMAC) solution and NaOH/thiourea aqueous solution. The homo-
geneous solution was obtained by heating the mixture at 100 °C for 3 h.
The BC spin coated films were prepared by spin coating BC/LiCl/DMAC
solution at 1000 rpm for 15 s and then immersion and rinsing with
abundant water to remove the salt and alkaline and organic solvents.

Coverslip (Ctrl), agar hydrogel, polyacrylamide (PAM) hydrogel and
BC spin coated films were adopted as the negative controls. All samples
were sequentially immersed in poly-ornithine, laminin solution and
DMEM with 10% FBS to enhance cell adhesion capability.

2.2. Characterization of mBC nanofibril substrates

The surface morphology of mBC nanofibrils was characterized by
scanning electron microscopy (SEM, Quanta 200F, FEI). The surface
morphology and modulus of mBC nanofibrils, coverslip, agarose

hydrogel and BC spin coated films were determined by tapping mode
atomic force microscopy (AFM, Multi-Mode V, Veeco) at room tem-
perature.

2.3. Primary microglial and organotypic cortical slice cultures

Microglial cultures were prepared from postnatal day 2–3 (P2-3)
Wistar rats as described previously [29]. Briefly, rat pup cerebral cor-
tices were dissociated and plated in tissue culture flasks. Ten to 14 days
later, the confluent mixed glial cultures were treated with mild tryp-
sinization (0.08% trypsin in DMEM/F12) to detach the astrocyte layer
and leave behind the firmly adherent microglial cells. Afterward, the
resulting enriched microglia cultures were maintained in complete
DMEM containing 10% FBS and 1% penicillin/streptomycin mixed 1:1
with mixed glial cell-conditioned media. Microglia were plated at a
final density of 100,000 cells/cm2 on laminin-coated coverslip and mBC
nanofibril substrates.

Organotypic cortical slice cultures were prepared from P3–P5
Wistar rats following a previously described method [30]. Transverse
400 μm-thick slices were cut with a tissue chopper and attached to
coverslips with chicken plasma (catalog no. P3266; Sigma-Aldrich)
clotted with thrombin (catalog no. 112374; Merck). The coverslips were
transferred to plastic tubes with 1 mL of medium containing 50% BME
(catalog no. 41010-026; Gibco- Life Technologies), 25% horse serum
(catalog no. 26050-088; Gibco- Life Technologies), 25% Hanks’ ba-
lanced salt solution (catalog no. 24020-083; Gibco- Life Technologies),
0.5% L-glutamine (catalog no. 25030-032; Gibco- Life Technologies)
and 1% 50% D-glucose in sterile water for tissue culture. The slices were
kept in culture for 5–10 days.

2.4. Microglial immunostaining and confocal imaging

Dissociated cells were fixed in 4% paraformaldehyde for 30 min,
permeabilized with 0.1% Triton X-100 for 5 min and blocked with 0.5%
BSA for 30 min (all reagents from Sigma-Aldrich). For the slices, the
fixation time was extended to 1h. The samples were incubated with an
anti-Iba1 primary antibody (catalog no. 019–19741; Wako Chemicals)
at 4 °C overnight and an Alex Fluor® 594-conjugated goat anti-rabbit
secondary antibody (catalog no. A32740; Life Technologies) at room
temperature for 60 min. The nuclei were stained with 2 μg/ml Hoechst
33342 (catalog no. D9542; Sigma-Aldrich) for 5 min. F-actin was
stained with Alexa Fluor® 488-conjugated phalloidin (catalog no.
A12379; Life Technologies) at room temperature for 30 min. The cells
were examined using a Nikon C2 confocal microscope to acquire high
quality images. The fluorescence images were collected with a 40X
objective. Each image was acquired with z-steps of 0.5 μm.

2.5. Analysis of imaging data

Analysis and 3D reconstruction of the image stack were accom-
plished using plugins of the open source image-processing package Fiji.
The cell area and perimeter were determined by the Analysis Particles
plugin. Then, the ramification index, R, was defined as the ratio of the
perimeter to the area and was normalized by that same ratio calculated
for a circle of the same area, as described previously [31]. Specifically:
R = (perimeter/area)/[2 (Π/area) 1/2]. The ramification index is a
dimensionless parameter for describing the complexity of the cellular
shape. A ramification index of 1 corresponds to a perfectly round cell
without processes. The more ramified the cell, the larger the R. Cell
branches and junctions were automatically analyzed using the Analyze
Skeleton (2D/3D) plugin. 3D reconstruction and cell skeletonization
were accomplished with the 3D View and Skeletonize (2D/3D) plugins,
respectively.
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2.6. Live-cell imaging acquisition and analysis

Live-cell imaging experiments were performed on an epi-
fluorescence microscope (Olympus IX83, Olympus) equipped with an
imaging chamber incubator (Okolab, Pozzuoli, Italy) and LED illumi-
nation. During all imaging experiments, the cells were kept at 37 °C in
5.0% CO2 and 95% humidity. Time-lapse images were taken with a 20X
or 40X objective at 1-min intervals. The videos were analyzed using the
Fiji TrackMate plugin with a downsample LOG detector. Once the cell
IDs, xy positions and time points were extracted, the trajectory map and
velocity of each cell were plotted using MATLAB R2017a software. For
the ARP2/3 complex inhibition experiment, microglia cultured on mBC
substrates were first recorded for 2 h, treated with 50 μM CK666, and
recorded for another 6–24 h.

2.7. Electrophysiology and pharmacology

Currents from microglia were recorded in whole-cell voltage-clamp
mode using an Axopatch 1D amplifier controlled by Clampex 9.2 via
Digidata 1322A (Axon Instruments, USA). The data were acquired at a
rate of 10 kHz, and the signals were low-pass-filtered at 5 kHz. Patch
electrodes were made of borosilicate glass (WPI, USA) and pulled with a
PP-830 micropipette puller (Narishige, Japan). The pulled patch elec-
trodes had a resistance of 2–3 MΩ when filled with pipette solution. The
bath was grounded with a 3 M KCl agar bridge connected to an Ag/AgCl
reference electrode. All experiments were conducted at room tem-
perature. The solutions were rapidly changed close to the cells by using
the Perfusion Fast-Step SF-77B system (Warner Instrument Corp., USA).
In whole-cell recordings, the IV relationships were determined by using
voltage steps.

Microglia were kept in mammalian Ringer's solution composed of
(in mM) 140 NaCl, 5 KCl, 2 CaCl2, 1 MgCl2, 10 glucose and 10 Hepes,
pH 7.4 with NaOH. The pipette solution contained (in mM) 125 KCl, 4
NaCl, 5 EGTA, 10 Hepes, 2 MgATP, and 0.5 Na2GTP, pH 7.1 with KOH
[31]. The liquid junction potential (calculated using Clampex 9.2) was
less than 5 mV, and the voltages applied were not corrected. Stock
solutions of 4-AP and BaCl2 were prepared in Ringer's solution at
concentrations of 100 mM and 1 M, respectively, and stored at −20 °C.
All chemicals were purchased from Sigma-Aldrich (Milan, Italy).

Data analysis was performed and figures were made with IgorPro
software (Wavemetrics, Lake Oswego, OR, USA). The data are pre-
sented as the mean ± SEM, with n indicating the number of cells. In
the boxplots in Fig. 4, the lines represent the median, the upper and
lower box boundaries represent the 25th and 75th percentiles, and the
upper and lower whiskers represent the 10th and 90th percentiles. The
normality of the data was tested with the Shapiro-Wilk test. Statistical
significance was determined using the U test. p values < 0.05 were
considered significant.

2.8. RNA isolation and RNA-seq

Total RNA was isolated using TRIzol reagent and then treated with
DNase I with a TURBO DNA-Free Kit according to the manufacturer's
instructions (Invitrogen). RNA samples were quantified and quality
tested on an Agilent 2100 Bioanalyzer RNA system (Agilent
Technologies) or Caliper (PerkinElmer). An Ovation SoLo RNA-Seq
Library Preparation Kit (NuGEN, Redwood City, CA) was used for li-
brary preparation following the manufacturer's instructions (library
type: fr-secondstrand). Final libraries were checked with both a Qubit
2.0 Fluorometer (Invitrogen) and Agilent Bioanalyzer DNA or Caliper
system (PerkinElmer). Libraries were then prepared for sequencing and
sequenced in paired-end 2 × 125 bp mode on a HiSeq2500 system
(Illumina).

2.9. Transcriptome and bioinformatics analysis

The raw data were processed for both format conversion and de-
multiplexing by the Bcl2Fastq 2.20 version of the Illumina pipeline. A
quality check was performed on the raw sequencing data, removing
low-quality portions while preserving the longest high-quality part of
NGS reads. The minimum length was set to 35 bp, and the quality score
was set to 25. The software BBDuk was used for this. The reads were
aligned against the Rattus norvegicus (R_nor6.0 NCBI) reference genome
with STAR aligner (version 2.5.2b). FeatureCounts (version 1.5.1) were
used to calculate the gene expression values as raw fragment counts.
Normalization was applied to the raw fragment counts by using
Trimmed Mean of M-values (TMM) normalization and Fragments Per
Kilobase Million (FPKM) normalization. All statistical analyses were
performed with R with the packages HTSFilter and edgeR. The
HTSFilter package, which implements a filtering procedure for re-
plicated transcriptome sequencing data based on a Jaccard similarity
index, was chosen for the removal of nonexpressed genes and genes that
showed too much variability. The Trimmed Means of M -values (TMM)
normalization strategy was used. The overall quality of the experiment
was then evaluated on the basis of similarity between replicates by
principal component analysis (PCA) using the normalized gene ex-
pression values as input. Using this approach, we were able detect
whether a sample did not behave as expected. The analysis was per-
formed with edgeR, and the genes with FDR ≤ 0.05 were considered
differentially expressed genes. Differentially expressed genes with log2
fold changes greater than 1 or less than −1 were selected for Gene
Ontology (GO) and pathway analysis.

2.10. Statistical analysis

All experiments were performed in at least triplicate, and the data
are shown as the mean ± SEM of three separate experiments.
Statistical analysis was performed using one-way ANOVA followed by
Tukey's test. Significance was set at *p < 0.05, **p < 0.01 and
***p < 0.001.

3. Results

3.1. Preparation of mBC nanofibril substrates for microglia culture

Bacterial cellulose (BC), biosynthesized by Acetobacter xylinum, is an
inert biomedical material for a cell culture substrate due to its nanofiber
topography, transparency, water-uptake ability, and excellent bio-
compatibility [32]. In the early experiments, many substrate treatments
were tested, including free BC, poly-L-ornithine (PO) coated BC and PO
and laminin coated BC, none of them presented reliable and effective
microglia adhesion. Then the raw BC substrates were modified via dry-
rehydration treatment in poly-ornithine and laminin solution to im-
prove their cell adhesion capability. These mBC substrates showed a
well-organized 3D nanofibril structure (Fig. S1). The average diameter
of mBC nanofibrils ranged from 30 to 200 nm. The microscale pores
were inherited from the etched bacteria. The BC nanofibrils could be
dissolved and formed homogenous aqueous solutions. Thus, BC films at
a thickness of 50–200 μm were fabricated by the spin coating method.
In addition, 1% wt agar hydrogel was prepared by heating and cooling
agar solution. The surface and modulus morphologies of the substrates
were further investigated by AFM (Fig. 1 and Fig. S2). The modulus
morphology of mBC was a disordered nanofibril structure. In contrast,
such a nanofibril structure was not present in BC spin coated films,
although the head of the broken fibril cluster, which exhibited a similar
microstructure as that of agar hydrogel, could be observed,. The surface
modulus of the mBC substrate was similar to that of BC spin coated
films and agar hydrogel. Interestingly, although the macroscopic
hardness of coated glass slides was remarkably higher than that of
polymers and skins (Fig. S3), the surface modulus was lower than that
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of the polymer matrixes, including mBC and agar. The macroscopic
hardness of the mBC substrate was similar to that of human skin (Fig.
S3), which makes it a promising candidate for a tissue regeneration
material.

3.2. mBC nanofibril substrates increase microglial ramification

Primary microglia were isolated by the mild trypsinization method
as described in the methods section, and the purity was greater than
99%. (Fig. S4). Purified microglia were plated on different substrates,
cultured for 24 h, fixed and stained with the microglia marker Iba1 and
the filamentous actin (F-actin) probe phalloidin before imaging. To
prevent the influence of the autofluorescence of the material, we ac-
quired confocal Z-stack images. Microglia cultured on flat glass

substrates showed very few processes; most of them were unipolar with
a uropod and a large lamellum, and some even appeared round in shape
(Fig. 2A), which is a typical morphology of cultured microglia but
rarely seen in vivo. However, microglia cultured on mBC nanofibril
substrates exhibited a completely different morphology than those
cultured on flat glass; nearly all of them exhibited a relatively small cell
body and elaborated thin processes (Fig. 2B). To obtain quantitative
data, we performed systematic morphometric analysis using the image
processing package Fiji. The three-dimensional reconstructed
morphologies and cell skeletons of representative microglia cultured on
the two substrates were enlarged (Fig. 2C). The ramification index was
calculated to quantify the complexity of microglial processes as de-
scribed in the methods section; a ramification index of 1 corresponded
to a perfectly round cell without processes. Microglia cultured on flat

Fig. 1. MAC mode imaging of the control (glass slide), BC spin coated film (BC film) and mBC substrate. Left panels: topographic imaging. Middle panels: modulus
imaging. Right panels: 3D modulus combined with the height profiles. Scan area: 2 × 2 μm.
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glass substrates had an average relative ramification index of
1.76 ± 0.03 (Fig. 2F). The mean cell area was 323.22 ± 10.04 μm2

(Fig. 2D). The average microglial cell perimeter was 110.50 ± 2.38 μm
(Fig. 2E). The mean number of cell branches was 5.55 ± 0.42
(Fig. 2G). On average, the total tree length was 48.63 ± 2.32 μm
(Fig. 2H), and the number of cell process junctions was 2.23 ± 0.20
(Fig. 2I). In contrast, microglia cultured on mBC nanofibril substrates
had an average ramification index of 2.78 ± 0.04, which was ~1.7
times higher than that of microglia cultured on flat class substrates

(Fig. 2F). The mean area of the microglia cultured on mBC nanofibril
substrates was slightly reduced (296.10 ± 7.29 μm2, p < 0.05)
compared with that of microglia cultured on flat glass substrates
(Fig. 2D). Additionally, the cell perimeter (171.28 ± 4.38 μm),
number of cell branches (23.23 ± 1.71), total tree length
(173.47 ± 10.50 μm) and number of cell process junctions
(10.76 ± 0.81) of microglia cultured on mBC nanofibril substrates
were all dramatically increased compared with those of microglia cul-
tured on flat glass substrates (p < 0.001; Fig. 2E, G-I). Microglia

Fig. 2. Maximum intensity projections of confocal Z-stack images illustrating the representative morphology of microglia cultured on flat glass (Ctrl, A) and mBC
nanofibril substrate (B). The cells were stained with Ibal 1 (red), phalloidin (for F-actin, green) and DAPI (blue). Right panels: enlarged images of the indicated cells.
Scale bar: 20 μm and 10 μm (enlarged). (C) 3D reconstruction (green) and cell skeleton (black) of a representative microglia indicated with the arrow in (a) and (b).
All cells are shown at the same magnification. (D-I) Quantitative analysis of (D) the cell area, (E) cell perimeter and (F) ramification index (Ctrl n = 176 cells; mBC
n = 177 cells) (G) Number of cell branches, (H) total tree length and (I) number of cell process junctions (Ctrl n = 53 cells, mBC n = 42 cells) of microglia cultured
on mBC in comparison to microglia cultured on coverslips. The results are representative of at least three separate experiments. Statistical significance:
***p < 0.001, *p < 0.05; unpaired t-test. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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cultured on textured nanofibrils acquired a ramified morphology that
was different that of microglia cultured on flat glass but similar to
microglia in cultured slices (Fig. S5). Moreover, microglia cultured on
BC spin coated films and agar hydrogel displayed either an almost
round shape or an aggregated spherical form (Figs. S6 and S7). These
findings indicated that the surface topographic structure of mBC na-
nofibrils plays an important role in regulating microglial ramification.
Furthermore, the effect of mBC substrate on activated microglia was
investigated by stimulating with lipopolysaccharide (LPS). Activated
microglia drastically changed their morphology with clear enlarged cell
bodies (Fig. S8). Microglia cultured on mBC substrates slightly in-
creased cell proliferation and NO secretion, when activated by lipopo-
lysaccharide (LPS), microglia cultured on both substrates increased cell
proliferation and NO secretion (Fig. S9).

3.3. Microglial cells cultured on mBC nanofibril substrates acquire in vivo-
like behaviors

The morphological alterations in microglia cultured on mBC nano-
fibril substrates prompted us to further investigate changes in cell
motility. Microglia cultured on the two substrates were labeled with the
live-cell fluorescent lipophilic tracer DiD, and their motility was ex-
amined with time-lapse imaging. Both bright field and fluorescence
images were acquired every 1 min for 2–24 h. Microglia cultured on
both substrates were mobile but exhibited different patterns of move-
ment. Specifically, microglia cultured on flat glass exhibited random
migration, while microglia cultured on mBC nanofibril substrates ex-
hibited an almost immobile soma with thin and ramified processes that
continuously extending and retracting. (Fig. 3A and B and Movie S1,
S2). To quantify motility, we tracked the microglia using the Fiji plugin
TrackMate over a time period of 2 h. The extracted trajectories clearly
showed that microglia cultured on mBC nanofibril substrates migrated
much shorter distances within 2 h than those cultured on flat glass
substrates (Fig. 3C–F). Three microglia were randomly selected from
each substrate to plot the cell body displacement over time. Microglia
cultured on flat glass showed continuous movement at a higher speed
(Fig. 3G, blue curves), while microglia cultured on mBC nanofibrils
were relatively stable (Fig. 3G, red curves). From the trajectories, the
velocity of the microglia during the 2-h period was computed. Microglia
cultured on glass substrates had a velocity ranging from 0 to 9.48 μm/
min and an average velocity of 1.67 ± 0.05 μm/min (n = 403). In
contrast, microglia cultured on nanofibril substrates had a velocity
ranging from 0 to 2.98 μm/min and an average velocity of
0.59 ± 0.02 μm/min (n = 213, Fig. 3H and I), which was significantly
lower than that of microglia cultured on glass substrates. Despite their
stable soma, microglia cultured on the mBC nanofibril substrates ex-
hibited very mobile processes similar to those observed in in vivo mi-
croglia [33,34].

Supplementary data related to this article can be found at https://
doi.org/10.1016/j.biomaterials.2020.120177.

3.4. Microglial cells cultured on mBC nanofibril substrates have altered
electrophysiological properties

Ion channels are essential regulators of a variety of microglial
functions, and their expression is tightly controlled by the cell micro-
environment [35,36]. To investigate whether our substrates influence
microglial electrical membrane properties, we obtained patch-clamp
recordings in current- and voltage-clamp mode from microglia grown
on flat glass substrates and mBC nanofibril substrates. Microglia grown
on nanofibril substrates exhibited a membrane potential that was de-
creased by approximately 20 mV; the mean resting potential of mi-
croglia grown on flat and nanofibril substrates was −49 ± 2 and
−67 ± 2 mV, respectively, (Fig. 4A), and their input resistance was
3.8 ± 0.4 and 1.5 ± 0.1 GΩ, respectively (Fig. 4B). Although cell
morphology was modified by the nanofibril substrates (Fig. 2), we did

not detect any significant difference in the capacitance, which was
18 ± 2 and 24 ± 3 pF for microglia cultured on flat glass and mi-
croglia cultured on nanofibril substrates, respectively (Fig. 4C). As cell
capacitance is related to the total membrane area of the cell, the si-
milarity of the capacitance indicated that although the morphology of
microglia cultured on flat glass and those cultured on nanofibril sub-
strates was different, the total membrane area was approximately the
same.

A higher membrane conductance and a more negative membrane
potential suggest the involvement of K+ channels. To obtain further
evidence, microglia were voltage-clamped at a holding potential of
−70 V, and voltage steps from −120 to 40 mV lasting for 50 ms were
applied (Fig. 4D). These electrical recordings showed the presence of
inward and outward currents, which is typical of K+ currents. The
amplitude of the outward current was not changed in microglia grown
on nanofibril substrates (Fig. 4E and F), whereas the inward current was
larger in microglia grown on nanofibril substrates (Fig. 4E and F).

To evaluate the ionic identity of these inward and outward currents,
we applied a specific blocker of outward K+ currents, 4-AP, and a
specific blocker of inward K+ currents, Ba2+ [8]. Inward currents were
powerfully and reversibly blocked by 1 mM Ba2+ (Figs. S10A and
S10B), consistent with the view that these inward currents are carried
by K+ ions [37,38]. Similarly, the outward currents in both microglia
grown on flat glass and those grown on nanofibril substrates were al-
most completely and reversibly blocked by 1 mM 4-AP (Figs. S10C and
S10D), suggesting that these outward currents were indeed carried by
K+ ions [37,38]. Approximately 80% of outward currents were blocked
by 1 mM 4-AP in microglia grown on both flat and nanofibril substrates
(Fig. 4H), but the blockage of inward currents by 1 mM Ba2+ was
stronger when microglia were grown on nanofibril substrates, in-
dicating a higher relative expression of Kir currents (Fig. 4G).

3.5. Microglial cells cultured on mBC nanofibril substrates have distinct
transcriptional profiles

To gain further insights into the effects of nanofibril substrates on
microglia gene reprogramming, we performed RNA sequencing (RNA-
seq) analysis of the transcriptome of microglia isolated from nanofibril
substrates compared with that of microglia isolated from flat glass
substrates. Microglia cultured on the two substrates showed sig-
nificantly distinct gene expression profiles; 2429 genes were upregu-
lated and 2223 genes were downregulated in microglia cultured on
mBC nanofibrils compared with microglia cultured on flat glass
(Fig. 5Aand File S1-DEGs). A fold change (FC) in expression ≥ 2 (log2
FC ≥ 1 and ≤‐1) and FDR ≤ 0.05 were used to identify differentially
expressed genes (DEGs), and 894 upregulated genes and 973 down-
regulated genes were used for downstream analysis. To examine the
biological functions of these DEGs, we performed Gene Ontology (GO)
enrichment analysis. The upregulated genes were mostly enriched in
the biological processes of innate immune response and interferon-beta
response and cell cycle, while the downregulated genes were mainly
enriched in cell migration, cellular component movement and cell ad-
hesion (Figs. S11C and S11D). To investigate the regulation of pathway
and cellular networks in DEGs, we performed Kyoto Encyclopedia of
Genes and Genomes (KEGG) pathway enrichment analysis. The top 20
enriched pathways in the upregulated and downregulated DEGs are
listed in bubble charts (Figs. S11A and S11B). Notably, many top en-
riched upregulated pathways, including RIG-1-like receptor signaling,
cytosolic DNA-sensing, cell cycle and hepatitis c pathways, were related
to immune responses, while many top enriched downregulated path-
ways, such as ECM-receptor interaction, focal adhesion and the reg-
ulation of actin cytoskeleton pathways, were linked to cell motility.
These observations are consistent with the GO analysis results.

Further analysis revealed that two Arp2/3 complex subunit genes,
Arpc5 (actin-related protein 2/3 complex subunit 5, ARPC5, log2
FC = 1.01, p < 0.001) and Actr2 (actin-related protein 2, ARP2, log2
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FC = 0.33, p < 0.05), were significantly upregulated, while the gene
Arpin, an inhibitor of Arp2/3 (log2 FC = −1.21, p < 0.01) was re-
markably downregulated (Table S1). In addition, genes involved in
ARP2/3 activation, including the nucleation-promoting factor (NPF)
gene Was1 (Neural Wiskott-Aldrich syndrome protein, N-WASP, log2
FC = 0.76, p < 0.001) and its binding partner gene Wipf1 (WASP
interacting protein, WIP, log2 FC = 0.74, p < 0.001), were also sig-
nificantly upregulated (Table S1). Microglia treated with the Arp2/3
inhibitor CK666 rapidly lost their processes and decreased mean velo-
city (Movie S3 and Fig. S12). These results indicated that the Arp2/3
complex may play a role in mBC nanofibril-induced microglial ramifi-
cation.

Supplementary data related to this article can be found at https://
doi.org/10.1016/j.biomaterials.2020.120177.

Cell-ECM adhesive interactions are important for cell migration and
morphological changes. In the top downregulated pathways, we found
that ECM-receptor interaction, focal adhesion and regulation of actin
cytoskeleton were closely related to cell migration (Fig. S11B). Further
analysis revealed genes involved in these pathways, including the in-
tegrin receptor subunit genes Itga3, Itgb3, Itgb2 and Itgax, the focal
adhesion structure genes Vcl (vinculin), Parva, Parvb (parvin), Actn1
(a-actinin), Actg1 (actin), Flnc, Flnb, Flna (Filamin) and Zyx (Zyxin),
and the ECM protein genes Col1a1, Col6a2, Col4a1, Col5a1, Col4a5,
Col3a1, Col11a1 and Col4a2 (collagen), Tnn (Tenascin N), Lama5,
Lamc1 (Laminin) and Fn1 (Fibronectin) (Fig. 5B–D). A biphasic re-
sponse was observed in adhesive strength and cell migration speed,

with fast migration occurring at intermediate adhesive strength [39].
Significant downregulation of adhesion-related genes in microglia
grown on mBC substrates (Fig. S13) suggested the involvement of this
pathway in microglial migration.

The significant changes in microglial electrophysiological properties
were likely caused by differential expression of ion channel genes. We
found that 27 ion channel genes were significantly differentially ex-
pressed, with 10 of them having fold changes> 2; among them, Kcnrg,
Clic2 and Tmem38b were upregulated (log2 fold change>1,
p < 0.01), while Cacna1a, Scn7a, Trpm4, Kcnn4, Clic4, Kcnn4,
Kcnk10, Piezo1, and Tpcn2 were downregulated (log2 fold change<
‐1, p < 0.01) (Fig. 5E). Notably, the Kir2.1 inward rectifier potassium
ion channel gene Kcnj2 was upregulated (log2 fold change > 0.81,
p < 0.001), while the Kv1.2 outward rectifier potassium ion channel
gene Kcna2 was downregulated (log2 fold change < - 0.80,
p < 0.05), which indicated that the increased expression of Kir2.1
could account for the elevation of inward rectifier currents. To gain
more information, we further investigated all the common inward and
outward rectifier potassium channels expressed in microglia. Among
the 6 commonly expressed inward rectifier K+ channel genes, we ob-
served that the Kir2.1 channel gene Kcnj2 was the most highly ex-
pressed and the only significantly upregulated gene, while the others
remained unchanged (Fig. 5F). This observation strengthensthat the
upregulation of Kir2.1 channel expression is probably related to the
increase in inward rectifier K+ currents. However, among the 4
common outward rectifier K+ channel genes, the Kv1.3 channel gene

Fig. 3. Motility of microglia cultured on coverslips (Ctrl) and mBC nanofibrils (mBC). An example of a live-cell imaging experiment with microglia cultured on Ctrl
(A) and mBC (B) obtained at different times. Maps of the trajectories of microglia during 2 h of live-cell imaging on Ctrl (C, E) and mBC (D, F). Three representative
cell displacement versus time graphs (G; Ctrl, blue; mBC, red). Cell velocity distribution (H) and the average velocities (I) of microglia cultured on coverslips (Ctrl
n = 403 cells) and mBC (n = 213 cells; unpaired t-test; ***p < 0.001). (For interpretation of the references to color in this figure legend, the reader is referred to the
Web version of this article.)
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was the highest expressed, but did not show any significant expression
changes. Meanwhile, the Kv1.2 channel gene Kcna2 was the only sig-
nificantly differentially expressed gene but had a relatively low ex-
pression count (mean FPKM < 1.5, Fig. 5F); this may explain why no
significant changes were found in total outward rectifier currents.

4. Discussion

It is well known that microglia assume specific phenotypes de-
pending on the stage of life, the region of the CNS in which they reside

and pathological insults or disturbances at play, but the underlying
guiding factors remain poorly understood [40,41]. The present manu-
script showed that culturing microglia on textured nanofibrils pro-
foundly alters their properties and instructs them to acquire an in vivo
age-like phenotype.

4.1. Differences in shape and motility caused by mBC nanofibrils

Traditional 2D cell culture systems with a microenvironment that is
fundamentally different from the in vivo niche fail to preserve many

Fig. 4. Comparison of the resting membrane potential (RMP; A), input resistance (B) and cell capacitance (C) of microglia grown on coverslips (Ctrl, blue) or
nanofibrils (mBC, red). (D) Representative whole-cell voltage-clamp recordings obtained from microglia grown on coverslips or mBC nanofibrils. Voltage steps (50-
ms in duration) were applied from a holding voltage of−70 mV to voltages between−120 and + 40 mV in 10-mV steps, as indicated in the top part of the panel. (E)
Average I–V relationships measured in microglia grown on coverslips or mBC nanofibrils at the end of the voltage steps. (F) Comparison of the current amplitude at
−120 mV recorded from microglia grown on coverslips (Ctrl, blue) and mBC nanofibrils (red). Comparison of the percentage of current blockage by 1 mM BaCl2 at
−120 mV (G) and by 1 mM 4-AP at +40 mV (H; ***p < 0.001, *p < 0.05; U test). (For interpretation of the references to color in this figure legend, the reader is
referred to the Web version of this article.)
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structural and functional features of microglia [42]. Our results de-
monstrated that the mBC nanofibril substrate allows microglia to
maintain some in vivo-like features that are lost in conventional flat
dishes, such as their ramified morphology and “surveillance”-like mo-
tility (with continuously extending and retracting processes and stable
cell body). Under physiological conditions, microglia have elongated
and fine branching structures; however, upon acute injury, reactive
microglia become hypertrophic, resulting in the formation of greatly
enlarged cytoplasmic processes, and upon aging, microglia develop
dystrophic cytoplasmic processes characterized by slight enlargement, a
distinct loss of fine branches, the formation of cytoplasmic spheroids
and fragmentation of the cytoplasm [43]. Similar morphology features
as reported in aged microglia were found in microglia cultured on mBC
substrates (Fig. S14). Microglia cultured on mBC nanofibrils had a
much higher ramification index than microglia cultured on flat glass

(approximately 1.7 times, Fig. 2F), which takes a big step towards the in
vivo shapes.

4.2. Microglial electrophysiological properties

Although microglia change their morphology in response to en-
vironmental alterations, there are limitations to inferring their func-
tional state from their morphology [44]. Electrophysiological proper-
ties are a good indicator of microglial activation states [8,37]. Ion
channel expression patterns and recorded currents vary among different
species and different voltage protocols [45]. In situ, microglia in the
healthy brain are characterized by a lack of voltage-gated ion channels
[31,37]. However, cultured microglia express both inward and outward
rectifier currents, especially those from rats [45,46]. Compared with
microglia cultured on glass substrates, microglia cultured on mBC

Fig. 5. A global overview of the gene expression differences and DEGs related to microglial property changes. (A) Heatmap of the transcripts showing the expression
profiles of the DEGs. The color gradient shows the standardized expression values from the lowest to the highest. Histograms showing significantly downregulated
genes involved in (B) ECM proteins, (C) integrin receptors and (D) focal adhesion structural components. Histograms and line graphs showing the different expression
(left Y) and log2 fold changes (right Y) in ion channel-related genes (E) and potassium channel genes (F). (For interpretation of the references to color in this figure
legend, the reader is referred to the Web version of this article.)
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substrates have a more negative resting membrane potential, a much
lower input resistance, increased inward rectifier K+ currents, but ap-
proximately the same capacitance (Fig. 4). Similar trends have also
been found in microglia from aged animals [8,35,47]. However, despite
the significant changes in the resting membrane potential and inward
rectifier potassium currents, no significant change was found in the
total outward rectifier currents of microglia cultured on textured na-
nofibrils; this is different from what is observed upon stimulation with
common activators, such as LPS and IFNγ, which remarkably elevate
outward rectifier currents [37,48,49]. Therefore, mBC nanofibril sub-
strates modulate an aging-like low-grade inflammatory microglial state.

4.3. Changes in gene expression

Genome-wide transcriptional profile analysis provides a powerful
means to dissect the molecular basis of cellular behavior and state [50].
The RNA sequencing results showed more than 4000 differentially ex-
pressed genes in microglia cultured on different substrates, which va-
lidated the sensitivity of microglia to the local environment [1]. GO and
pathway enrichment analysis revealed that the upregulated genes were
associated with immune response-related processes, which is consistent
with the changes in microglial electrophysiological properties and the
pervasive low-grade chronic inflammation during aging [51]. Distinct
sets of modules have been found to dominate the microglial response in
acute inflammation and aging; modules activated in microglia from
LPS-treated animals are enriched in pathways related to proliferation,
chemotaxis, reactive oxygen species production, and cytokine produc-
tion, while modules activated in aging microglia are enriched for IFNα
and IFNβ signaling and response to viral infection [52]. Microglia
cultured on mBC substrates showed upregulated genes enriched in
biological processes of the innate immune response, interferon type I
signaling and response to virus, which is consistent with the char-
acteristics of aged microglia. In our findings, the downregulated genes
were mainly involved in cell adhesion and cell-ECM interaction pro-
cesses (Fig. S11). Significant downregulation of adhesion-related genes
implies a decrease in cell substrate adhesion, which leads to re-
organization of the cytoskeleton and changes in migration [53,54].
Moreover, a series of aged microglia related genes are differentially
expressed in microglia cultured on mBC substrates (Table S2), which
supports the mBC nanofibril induction of an aging like transcriptional
profile [55,56].

In conclusion, our work demonstrated that mBC nanofibrils mod-
ulate an in vivo aging-like microglial phenotype with branched mor-
phology and “surveillance”-like motility. Compared with microglia
cultured on flat glass, these cells have a more negative resting mem-
brane potential, increased inward rectifier potassium currents, and
unchanged outward rectifier K+ currents. Further transcriptome ana-
lysis revealed that elevated Kir2.1 channel expression likely accounts
for the changes in electrophysiological properties and that the sig-
nificantly differential expression of Arp2/3 and focal adhesion com-
plexes could respond to alterations in microglial morphology and mo-
tility. The results indicate that some aspects of in vivo dystrophic
microglia can be recapitulated by culturing on nanofibril substrates in
vitro, which expands our knowledge of the interactions between na-
nofibers and microglia and may help in designing neural scaffolds and
in vitro neuroinflammation models for regenerative medicine.
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1. Characterization of the substrates 

 

 

Fig. S1. (A) and (B) SEM images of mBC. Panel (B) is the magnified image. 

  



 

 

Fig. S2. MAC mode imaging of agar hydrogel. Left panel: topographic imaging. Middle panel: modulus 

imaging. Right panel: 3D modulus combined with the height profile. Scan area: 2×2 µm. 

 

 

Fig. S3. The hardness of Ctrl (glass), mBC, skin, agarose gel (1% wt) and polyacrylamide (PAM) 

hydrogel according to the ASTM 2240 Type OO and Type D standards. In the Type OO test, healthy 

human skin (male) was used. To avoid the penetration pain in humans, pig skin was adopted in the 

Type D test. 

  



2. Microglia in organotypic slices and on different substrates 

 

Fig. S4. Purified primary microglial cultures. Phase contrast image of (A) confluent mixed glia 

cultures (cultured for 14 days in vitro (DIV14)) and (B) microglia cultures after mild trypsinization. (C) 

Immunofluorescence images of purified microglia stained with the nuclear dye DAPI (blue), microglial 

marker Iba1 (green) and astrocyte marker GFAP (red). 

  



 

Fig. S5. (A) and (B) The morphology of microglia in organotypic cortical slices cultured for 7 days. 

Panel (B) is the magnified image. The cells were stained with Iba1 (red) and DAPI (blue). 

 

 

Fig. S6. (A) and (B) The morphology of microglia cultured on BC spin coated film substrates. Panel (B) 

is the magnified image. The cells were stained with Iba1 (red) and DAPI (blue). 

 

 

Fig. S7. Morphology of microglia cultured on 1% agar hydrogel substrates. 

 



  
Fig. S8. Changes in microglia morphology by LPS stimulation. Microglia cultured on BC substrates 

without LPS stimulation (A) and stimulated with 50ng/ml LPS for 24 h (B) Phalloidin (green), Iba1 (red) 

and DAPI (blue). Activated microglia drastically changed their morphology with clear enlarged cell 

bodies. 

 

 

Fig. S9. Microglia cell proliferation and nitric oxide secretion before and after LPS stimulation. 

Microglia (BV2) cell proliferation (left) and NO secretion (right) without and with 100ng/ml LPS 

stimulation for 24 h. Microglia cultured on mBC substrates slightly increased cell proliferation and NO 

secretion, when activated by lipopolysaccharide (LPS), microglia cultured on both substrates 

increased cell proliferation and NO secretion. The increasing of cell proliferation and NO secretion 

indicate that mBC substrates induce mild microglia inflammation which is consistent with the 

transcriptome results, while the inhibition of NO release by activated microglia suggests an in vivo-like 

behavior.   



3. Pharmacological analysis of K+ currents  

 

Fig. S10. Representative whole-cell voltage-clamp recordings obtained from microglia grown on the 

indicated substrates. Each cell was exposed to control Ringer’s solution and then to solution 

containing 1 mM BaCl2 (A) or 1 mM 4-AP (B), which was then washed out with Ringer’s solution. The 

voltage protocol is indicated in the top part of the panels. (C-D) Steady-state I-V relations measured 

from the cells shown in A-B at the end of the voltage steps. 

 

  



4. Gene profile and aging-like properties 

 

Fig. S11. KEGG pathway enrichment of the top 20 upregulated (A) and downregulated (B) genes. The 

advanced bubble chart shows the enrichment of differentially expressed genes in signaling pathways. 

The y-axis represents the pathway, and x-axis represents the rich factor (rich factor = amount of 

differentially expressed genes enriched in the pathway/amount of all genes in the background gene 

set). The size and color of the bubble represent the number of differentially expressed genes enriched 

in the pathway and enrichment significance, respectively. A bar graph showing the fold change in gene 

expression of the KEGG pathway associated with the top downregulated genes. Top 10 upregulated 

(C) and downregulated (D) biological processes. Panel C and D shows microglia cultured on mBC 

substrates with upregulated genes primarily in biological processes of the innate immune response, 

interferon type I signaling and response to virus, which is strongly consistent with the characteristics of 

aging microglia[1,2]. 

 



 

Fig. S12. The effect of Arp2/3 inhibitor on microglia migration. Arp2/3 complex has been considered as 

a core component of podonut, which was restricted to cells with lamellae, besides the effect on 

promoting neuronal dendrite branching, it was also proposed to adhere to and dissolve the ECM for 

efficient migration [3,4]. The statistics of microglia mean velocities showed microglia reduced their 

movement after addition of the Arp2/3 inhibitor. 

 

 

Fig. S13. DEGs enriched in the focal adhesion KEGG pathway. The downregulated genes are 

shown in green, and the upregulated genes are shown in red. DEGs with a fold change (FC) ≥ 2 times 

(log2 FC ≥1 and ≤‐1) and FDR ≤ 0.05 were selected.  



 

 
Fig. S14. Representative morphology of microglia cultured on mBC. Microglia cultured on mBC 

substrates shows (A) Swelling (spheroid) at the end of processes (arrow) and (B) with twisted and 

shortened processes (arrows). These features found in microglia cultured on mBC substrates were 

very similar to those reported in vivo aged microglia [5,6]. 

 

Table S1. Arp2/3 complex related genes 

Gene names Description log FC p-value 

Arpc5l Actin-related protein 2/3 complex subunit 5 1.01  2.66E-04 

Actr2 Actin-related protein 2/3 complex subunit 2 0.33  1.80E-02 

Arpin Actin-related protein 2/3 complex inhibitor -1.21  7.62E-03 

Wasl Neural Wiskott-Aldrich syndrome protein 0.76  4.24E-04 

Wipf1 WAS/WASL-interacting protein 0.75  4.93E-05 

 

  



Table S2. Differentially expressed genes related to microglia aging 

Gene names Description log FC p-value 

Transcriptional regulatory factors and downstream genes 

Irf7 Interferon regulatory factor 7 2.45  1.98E-27 

Stat2 Signal transducer and activator of transcription  0.49  3.21E-03 

Ifit1 Interferon-induced protein with tetratricopeptide 

repeats 1 

3.11  4.29E-37 

Ifit2 Interferon-induced protein with tetratricopeptide 

repeats 2  

2.33  2.17E-47 

Ifit3 Interferon-induced protein with tetratricopeptide 

repeats 3  

2.19  1.11E-19 

Cxcl10 C-X-C motif chemokine 10  2.91  1.12E-19 

Zbp1 Z-DNA binding protein 1 1.93  1.05E-07 

Bst2 Bone marrow stromal antigen 2   1.04  1.71E-03 

Sp100 SP100 nuclear antigen 0.91  3.78E-07 

TGF-β signaling pathway and surface markers 

Tgfb1 Transforming growth factor beta-1  -0.81  5.55E-06 

Tgfbr2 TGF-beta receptor type-2 -0.41  2.68E-03 

Trem2 Triggering receptor expressed on myeloid cells 2  -0.84  7.47E-04 

Inflammatory markers 

Il18 Interleukin-18  0.87 1.58E-09 

COX2 Cytochrome c oxidase subunit 2 0.50  4.02E-03 

Aif1 Allograft inflammatory factor 1 0.71  1.96E-06 

Tlr4 Toll-like receptor 4 0.83  1.74E-08 

With aging, the majority of upregulated genes were involved in immunoregulatory function, while many 

of the downregulated genes were homeostatic microglia genes [1]. A large group of co-expressed 

genes involved in several aspects of the interferon pathway was particularly prominent in in vivo aged 

microglia [2,7]. Microglia cultured on mBC substrates showed a significantly upregulation of the 



transcriptional regulatory factors (Irf7, Stat2) and downstream genes such as Ifit families, Zbp1, Bst2 

Sp100 and Cxcl10, which corresponds well to the aging microglia profiles. In addition, the homeostatic 

genes including the transforming growth factor-β (TGF-β) signaling pathway (Tgfr2, Tgf-β) and surface 

markers such as Trem2 were found to be downregulated in microglia cultured on mBC substrates. 

Meanwhile, inflammatory markers such as Il18, COX2, Aif1 and Tlr4 were also found to be upregulated 

in microglia cultured on mBC substrates. These results indicate that microglia cultured on mBC 

substrates induced an aging like transcriptional profile.  

 

Movie S1. Representative transmitted light time-lapse imaging (20x magnification) of microglia 

cultured on flat glass (Scale bar: 20 µm). 

Movie S2: Representative transmitted light time-lapse imaging (20x magnification) of microglia 

cultured on mBC substrate (Scale bar: 20 µm). 

Movie S3: Representative transmitted light time-lapse imaging (20x magnification) of microglia 

cultured on mBC substrate treated with 50 μM ARP2/3 inhibitor CK666 (Scale bar: 20 µm). 

File S1-DEGs. Differentially expressed gene list of microglia cultured on mBC substrates Vs coverslip 

substrates. 
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Abstract  

One of the key issues in neural tissue engineering research is inflammation, in which microglia are the 

main player. Microglia are remarkably plastic and adopt specific phenotypes in response to the local 

conditions and chemical signals. In the previous work, we found modified bacterial cellulose (mBC) 

substrates present a significant modulation on microglia morphology and functions. To further elucidate 

the effect of mBC nanofibrils substrate on microglia immune response, we analyzed and compared the 

dominant sensing and responding gene expression, the morphology, motility, and phagocytosis ability 

alternations, and the inflammatory mediator secretion. We demonstrate that mBC nanofibrils substrate 

itself, without exogenous stimulation, induced a distinct microglia sensome and inflammatory gene 

expression profile, upon stimulating by lipopolysaccharide (LPS), microglia cultured on both coverslip 

and mBC substrates become activated, while compared with coverslip substrates, microglia cultured 

on mBC substrates showed less cell area enlargement and pro-inflammation mediator secretion. As 

the alterations in cell shape associated with changes in ECM architecture was found to provide integral 

cues to modulate macrophage phenotype polarization, we propose that the mBC nanofibrils substrate 

may via restricting microglia deformation to inhibit inflammatory mediator secretion.  

1. Introduction 

Microglia are remarkably plastic and capable to adopt distinct and dynamic phenotypes in response to 

their ever-changing surroundings [1]. In the healthy brain, microglia adopt a ramified morphology 

characterized by a small cellular body and multiple long and thin branched processes, which was 

classically defined as “resting” microglia [18]. However, this view was challenged by recent work, 

through two-photon imaging in vivo studies, these ramified microglia were found to be highly active, 

continuously extending and retracting their processes to survey the surrounding environment [2,3]. 

When encountering any insult or tissue damage, microglia readily undergo morphological, molecular, 

and functional changes and become “activated” [4,5]. “Activated” microglia can morph into an 

amoeboid-like morphology, migrate toward injured areas, undergo proliferation and phagocytosis, 

secrete inflammatory mediators, and present antigens [6,7]. Activated microglia have been observed in 

many neurological diseases of diverse aetiology [8]. It is increasingly accepted that activation of 

microglia is not “all or none”, it’s rather a continuous process [9,10]. The activation of microglia is a 



"double-edged sword". Despite the limitations of using macrophage M1/M2 classification to define the 

activation phenotype of microglia, it has produced valuable insights into the functions of 

microglia/macrophages during CNS injury and repair [11-13] Despite a broad range of 

immunoregulators were reported to modulate microglia biological functions, the ultimate effect balance 

between beneficial and harmful depends on specific environment cues [14,15].  

Recently, strategies to design the novel immunomodulatory biomaterials is shifting from “immune-

evasive” bio-materials to “immune-interactive” smart materials to harness the beneficial effects by 

modulating the inflammatory response towards healing and regeneration [16,17]. Although it has long 

been known that biochemical signals can dynamically influence immune cell response, the role of 

biophysical cues has only recently emerged. There is increasing evidence that biophysical cues 

including material topography, stiffness and mechanical forces can modulate macrophage behaviors 

[18,19]. In the nerve system, previous studies on astrocytes highlighted the critical role of biophysical 

cues to bias the response of glial cells to injury. For instance, contact of astrocytes with fibres is able to 

promote a decrease in GFAP expression [20], and Fibrous-induced increases in astrocyte GLT-1 

expression protected neurons from toxicity generated by high extracellular glutamate [21].  

Despite the vital role of microglia in neuroinflammation, studies on microglia–material interaction are 

still in infancy. There are sporadic studies show that material cues can selectively modify microglia 

morphological features and behaviors [22-26]. Our previous work also demonstrated that compared 

with 2D culture, 3D graphene foam can reduce the inflammation of BV2 microglia [27] and increase the 

release of chemokine, for example SDF-1α, to promote neural stem cell migration [28]. Very recently, 

we found that modified bacterial cellulose (mBC) substrates present a significant modulation on 

microglia morphology and functions [29]. However, how these mBC substrates coupled microglia 

response to immune stimulation remain to be further addressed.  

Herein, by combing with cell morphological feature quantification, transcriptomic analysis, phagocytosis 

assay, and cell viability, and inflammatory mediator detection, we investigated the effect of mBC 

substrates on microglia immune response. Our work suggests the anti-inflammtory effect of mBC 

substrates may via restricting microglia deformation, which will provide an insight into how microglia 

adapt to biophysical cues of biomaterial and pave the way for regenerative medicine material design. 



2. Materials and methods 

2.1. Preparation of Modified bacteria cellulose (mBC) nanofibril substrates  

The mBC nanofibril substrates were prepared as described previously [29]. Briefly, BC nanofibrils were 

prepared via a static fermentation process at 30 °C using Acetobacter xylinum NUST4.2 (stored in our 

laboratory)[30]. The BC nanofibrils were further etched and thoroughly rinsed to remove the bacteria 

and the alkaline solvent. After that, the BC nanofibrils were dried in air at 80 °C around 4 h and sterilized 

with 75% alcohol, and ultraviolet light (UV). Finally, to improve cell adhesion, the dried BC nanofibrils 

were rehydrated in 20 µg/mL poly-L-ornithine (catalog no. P3655; Sigma-Aldrich) solution and 20 µg/mL 

laminin (catalog no. L2020; Sigma-Aldrich) solution before cell seeding.  

2.2 Primary microglial and BV2 cell Culture 

The primary microglial were purified from the cortex of newborn Wistar rats (postnatal day 2-3), as 

described previously [31]. Briefly, the rat pup cerebral cortex was dissociated and plated in tissue-

culture flasks. After mixed glial are fully confluent, microglia were purified with mild trypsinization method. 

The purified microglia were planted at a final density of 100,000 cells/cm2 on laminin-coated coverslip 

and mBC substrates in DMEM containing 10% FBS and 1% penicillin/streptomycin. For inducing cell 

activation, microglia were cultured 1-2 days, then treated with 50ng/ml Lipopolysaccharides (LPS) for 

24h.  

BV2 cells were planted at a final density of 15,000 cells/cm2 on either coated or none coated substrates 

in DMEM containing 10% FBS and 1% penicillin/streptomycin. For activation experiments, cells were 

cultured 1 days, then treated with 100ng/ml Lipopolysaccharides (LPS) for 24h.  

2.3 Microglia immunostaining and confocal imaging 

Cells were first fixed in 4% paraformaldehyde for 30 min, permeabilized with 0.1% Triton X-100 for 5min 

and blocked with 0.5% BSA for 30min (all reagents from Sigma-Aldrich). For Iba1 stain, cells were 

incubated in primary antibody anti-Iba1 (Wako Chemicals) at 4℃ overnight, and in the secondary 

antibody goat anti-rabbit Alexa Fluor® 594 (Life Technology) at room temperature for 60 min. For F-

actin stain, cells were directly incubated in Alexa Fluor® 488-conjugated phalloidin (catalog no. A12379; 



Life Technologies) at room temperature for 30 min. In all experiments, the nuclei were stained with 2 

μg/ml Hoechst 33342 (catalog no. D9542; Sigma-Aldrich) for 5 min. The stained cells were examined 

using a Nikon C2 confocal microscope to acquire higher quality images. The fluorescence images were 

collected with a 40X magnification objective. Each image was acquired with z-steps of 0.5μm. Analysis 

and 3D reconstruction of the image stack were accomplished using plugins of the open source image-

processing package Fiji. The cell area and perimeter were determined by the Analysis Particles plugin 

as described previously [29]. The extracted data were plotted using GraphPad Prism 7.0 software. 

2.4 Live-cell imaging acquisition and analysis 

Live-cell imaging experiments were performed on an epifluorescence microscope (Olympus IX83, 

Olympus) equipped with an imaging chamber incubator (Okolab, Pozzuoli, Italy) and LED illumination. 

During all imaging experiments, the cells were kept at 37 °C in 5.0% CO2 and 95% humidity. Time-

lapse images were taken with a 20X or 40X objective at 1-min intervals. The videos were analyzed 

using the Fiji TrackMate plugin with a downsample LOG detector. Once the cell IDs, xy positions and 

time points were extracted, the trajectory map and velocity of each cell were plotted using MATLAB 

R2017a software. For activation experiments, cells were first recorded for 2-6 h, then treated with 

50ng/ml LPS recorded for another 6-24 h. 

2.5 Electrophysiology and pharmacology 

Currents from microglia were recorded in whole-cell voltage-clamp mode using an Axopatch 1D 

amplifier controlled by Clampex 9.2 via Digidata 1322A (Axon Instruments, USA) as described 

previously [29]. Briefly, the data were acquired at a rate of 10 kHz, and the signals were low-pass-

filtered at 5 kHz. Microglia were kept in mammalian Ringer’s solution composed of (in mM) 140 NaCl, 

5 KCl, 2 CaCl2, 1 MgCl2, 10 glucose and 10 Hepes, pH 7.4 with NaOH. The pipette solution contained 

(in mM) 125 KCl, 4 NaCl, 5 EGTA, 10 Hepes, 2 MgATP, and 0.5 Na2GTP, pH 7.1 with KOH [32]. Data 

analysis was performed and figures were made with IgorPro software (Wavemetrics, Lake Oswego, OR, 

USA). 

2.6 Phagocytosis assay 

To measure microglia phagocytic ability, fluorescent latex beads were used to mimic exogenous 



particles for microglia to engulf as described previously [33]. Briefly, green fluorescent latex beads of 1 

μm diameter (Sigma-Aldrich) were pre-opsonized in fetal bovine serum (FBS) (Thermo Fisher Scientific, 

Gibco) for 1h at 37℃. The ratio of beads to FBS is 1:5, then further dilute the beads with DMEM medium 

(Thermo Fisher Scientific, Gibco) to the final concentration of 0.01% (V/V). Replace microglia culture 

medium with beads containing DMEM incubated at 37℃ for 1h, after thoroughly washed with DMEM 

medium, cells were fixed with 4% paraformaldehyde and stained with Iba1 antibody. 

2.7 Cell viability assay 

Cell viability was determined by Cell Counting Kit 8 (CCK-8) assay (Sigma-Aldrich) according to the 

manufacturer’s instructions. Briefly, mBC nanofibrils substrates were properly cut to fit the multiwell size, 

and cell suspension was dispensed into a 96-well plate in a volume of 100 μl. After 2-3 days culture, 

10μl CCK-8 solution was added to each well of the plate, mixed and incubated for another 2.5h. The 

absorbance was measured at 450nm using a microplate reader (Thermo). 

2.8 Nitric oxide (NO) detection  

Nitric oxide was detected by Griess reagent kit (Promega) according to the manufacturer’s instructions. 

Briefly, cells were stimulated by LPS for 24 h, and then 50 μl culture medium of each sample was 

collected and mixed with an equal volume of Sulfanilamide Solution in a multiwell plate, 5-10 min later, 

50μl N-1-napthylethylenediamine dihydrochloride (NED) Solution was added to all wells and incubated 

at room temperature for another 5-10 minutes. All procedures were carried out in the dark and the 

absorbance was measured at 550nm immediately.  

2.9 Statistical analysis  

All experiments were performed in at least triplicate, and the data are shown as the mean ± SEM of 

three separate experiments. Statistical analysis was performed using one-way ANOVA followed by 

Tukey’s test. Significance was set at *p < 0.05, **p < 0.01 and ***p < 0.001. 

3. Results 

3.2. mBC nanofibril substrates increase microglial ramification 



Primary microglia were isolated by the mild trypsinization method as described in the methods 

section, and the purity was greater than 99%. (Fig. S4). Purified microglia were plated on different 

substrates, cultured for 24 h, fixed and stained with the microglia marker Iba1 and the filamentous 

actin (F-actin) probe phalloidin before imaging. To prevent the influence of the autofluorescence of 

the material, we acquired confocal Z-stack images. Microglia cultured on flat glass substrates 

showed very few processes; most of them were unipolar with a uropod and a large lamellum, and 

some even appeared round in shape (Fig. 2A), which is a typical morphology of cultured microglia 

but rarely seen in vivo. However, microglia cultured on mBC nanofibril substrates exhibited a 

completely different morphology than those cultured on flat glass; nearly all of them exhibited a 

relatively small cell body and elaborated thin processes (Fig. 2B). To obtain quantitative data, we 

performed systematic morphometric analysis using the image processing package Fiji. The three-

dimensional reconstructed morphologies and cell skeletons of representative microglia cultured on 

the two substrates were enlarged (Fig. 2C). The ramification index was calculated to quantify the 

complexity of microglial processes as described in the methods section; a ramification index of 1 

corresponded to a perfectly round cell without processes. Microglia cultured on flat glass 

substrates had an average relative ramification index of 1.76 ± 0.03 (Fig. 2F). The mean cell area 

was 323.22 ± 10.04 μm2 (Fig. 2D). The average microglial cell perimeter was 110.50 ± 2.38 μm 

(Fig. 2E). The mean number of cell branches was 5.55 ± 0.42 (Fig. 2G). On average, the total tree 

length was 48.63 ± 2.32 μm (Fig. 2H), and the number of cell process junctions was 2.23 ± 0.20 

(Fig. 2I). In contrast, microglia cultured on mBC nanofibril substrates had an average ramification 

index of 2.78 ± 0.04, which was ~1.7 times higher than that of microglia cultured on flat class 

substrates (Fig. 2F). The mean area of the microglia cultured on mBC nanofibril substrates was 

slightly reduced (296.10 ± 7.29 μm2, p < 0.05) compared with that of microglia cultured on flat 

glass substrates (Fig. 2D). Additionally, the cell perimeter (171.28 ± 4.38 μm), number of cell 

branches (23.23 ± 1.71), total tree length (173.47 ± 10.50 μm) and number of cell process junctions 

(10.76 ± 0.81) of microglia cultured on mBC nanofibril substrates were all dramatically increased 

compared with those of microglia cultured on flat glass substrates (p < 0.001; Fig. 2E, G-I). 

Microglia cultured on textured nanofibrils acquired a ramified morphology that was different that of 

microglia cultured on flat glass but similar to microglia in cultured slices (Fig. S5). Moreover, 

microglia cultured on BC spin coated films and agar hydrogel displayed either an almost round 



shape or an aggregated spherical form (Fig. S6 and S7). These findings indicated that the surface 

topographic structure of mBC nanofibrils plays an important role in regulating microglial 

ramification. Furthermore, the effect of mBC substrate on activated microglia was investigated by 

stimulating with lipopolysaccharide (LPS). Activated microglia drastically changed their 

morphology with clear enlarged cell bodies (Fig. S8). Microglia cultured on mBC substrates slightly 

increased cell proliferation and NO secretion, when activated by lipopolysaccharide (LPS), 

microglia cultured on both substrates increased cell proliferation and NO secretion (Fig. S9). 

 

Fig. 1. Microglia morphology before and after LPS stimulation. Maximum intensity projections of 

confocal Z-stack images illustrating the morphology of microglia cultured on (A) coverslip (Ctrl) before 

(left panel) and after (right panel) LPS stimulation and (B) modified bacterial cellulose substrates (mBC) 

before (left panel) and after (right panel) LPS stimulation. Cells were stained with Ibal 1 (red), phalloidin 

(for F-actin, green) and DAPI( blue). Scale bar: 20μm. Quantitative analysis of (C) cell area, (D) cell 

perimeter and (E) ramification index of microglia cultured on mBC in comparison to microglia cultured 



on coverslip before and after LPS stimulation. Results are representative of at least three separate 

experiments. Statistically significant: ***p<0.001, **p<0.01, *p<0.05; unpaired t-test. 

 

  



 

Fig. 2. Motility of microglia before and after stimulated with LPS. Representative cell velocity 

versus time graph of microglia cultured on different conditions: (A) Ctrl, (B) Ctrl-LPS, (C) mBC and (D) 

mBC-LPS. Cell average velocities (E, F) and velocity distribution (G, H) of microglia cultured on 

coverslips (Ctrl n = 219 cells) and mBC (n = 219 cells; unpaired t-test; ***p<0.001). 

  



  

Fig. 3. Sensome and transcription factors genes. (A) Histograms and line graphs showing the 

different expression (left Y) and log2 fold changes (right Y) in sensome genes. (B) Percentage of 

different expression of sensome gene in microglia cultured on mBC substrates. (C) Heatmap of the top 

8 different expression transcription factors. The color gradient shows the standardized expression 

values from the lowest to the highest. 

  



 

Fig. 4. Classical and alternative activated genes. (A) Histograms and line graphs showing the 

different expression (left Y) and log2 fold changes (right Y) in (A) classical and (B) alternative activated 

genes. Percentage of different expression of (C) classical and (D) alternative activated genes in 

microglia cultured on mBC substrates. 

 

  



 

Fig. 5. Phagocytosis ability analysis using fluorescent latex beads. Representative confocal Z-

stack images illustrating the morphology of microglia with beads inside the cell body, when cultured on 

(A) coverslip (Ctrl) and (B) modified bacterial cellulose substrates (mBC). (From left to right are before 

LPS stimulation, after LPS stimulation and the orthographic projection images) Cells were stained with 

Ibal 1 (red) and DAPI (blue), the green dots are fluorescent beads. Scale bar: 20μm. Percentage of 

microglia with (C) beads and (D) with more than 3 beads. Results are representative of at least three 

separate experiments. Statistically significant: ***p<0.001, **p<0.01, *p<0.05; unpaired t-test.  

  



 

Fig. 6. Microglia cell proliferation and inflammatory mediator secretion. Microglia (BV2) cell (A) 

proliferation, (B) Nitric oxide (NO), and tumor necrosis factor alpha (TNFα) secretion before and after 

100ng/ml LPS stimulation. Results are representative of at least three separate experiments. 

Statistically significant: ***p<0.001, **p<0.01, *p<0.05; unpaired t-test.  

  



 

Fig. S1. BV2 microglia morphology. Representative confocal Z-stack images illustrating the 

morphology of BV2 cells before and after LPS stimulation when cultured on substrates (A-D) without 

and (G-J) with coating. Cells were stained with phalloidin (for F-actin, green) and DAPI ( blue). Scale 

bar: 20μm. Quantitative analysis of (E, K) cell area and (K, L) ramification index of microglia cultured 

on mBC in comparison to microglia cultured on coverslip before and after LPS stimulation. Results are 

representative of at least three separate experiments. Statistically significant: ***p<0.001, **p<0.01, 

*p<0.05; unpaired t-test. 

 
  



 

Fig. S2. Comparison of the resting membrane potential (RMP; A), input resistance (B) and cell capacitance 

(C) of LPS treated-microglia grown on coverslips (Ctrl, blue) or nanofibrils (mBC, red). (D) Representative 

whole-cell voltage-clamp recordings obtained from microglia grown on coverslips or mBC nanofibrils. 

Voltage steps (50-ms in duration) were applied from a holding voltage of -85 mV to voltages between -135 

and +15 mV in 10-mV steps, as indicated in the top part of the panel. (E) Average I-V relationships measured 

in LPS treated-microglia grown on coverslips or mBC nanofibrils at the end of the voltage steps.  
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provides complex chemical, electrical, and 
mechanical signaling.[1] Given this com-
plexity as well as the limitations of in vivo 
studies,[2] it is important to develop in vitro 
models able to recapitulate the brain con-
nectivity at various levels and, ultimately, 
provide a mimic of the human brain suit-
able for preclinical applications.[3] Toward 
this goal, several 3D supporting materials 
or scaffolds have been developed, tested, 
and applied.[4] But further progress is 
needed: the combination of new mate-
rials with biotechnology can provide 3D 
tissue engineering with the tools to make 
a major step toward precise and person-
alized medicine.[5] Biomaterials from 
natural components,[6] such as collagen 
hyaluronic acid and Matrigel, have been 
widely used for 3D cultures. However, 
scaffolds made of synthetic materials, such 
as poly(lactic-co-glycolic acid) and others, 
exhibit better long-term performance.[7] 
Emerging carbon-based materials, espe-

cially carbon nanotubes (CNTs)[8] have been widely utilized 
to produce scaffolds with improved mechanical strength and 
conductivity.[9] CNTs with their 1D hollow structure and good 

Currently available 3D assemblies based on carbon nanotubes (CNTs) lag far 
behind their 2D CNT-based bricks and require major improvements for biolo-
gical applications. By using Fe nanoparticles confined to the interlamination 
of graphite as catalyst, a fully 3D interconnected CNT web is obtained through 
the pores of graphene foam (GCNT web) by in situ chemical vapor deposition. 
This 3D GCNT web has a thickness up to 1.5 mm and a completely geometric, 
mechanical and electrical interconnectivity. Dissociated cortical cells cultured 
inside the GCNT web form a functional 3D cortex-like network exhibiting a 
spontaneous electrical activity that is closer to what is observed in vivo. By 
coculturing and fluorescently labeling glioma and healthy cortical cells with 
different colors, a new in vitro model is obtained to investigate malignant 
glioma infiltration. This model allows the 3D trajectories and velocity  
distribution of individual infiltrating glioma to be reconstructed with an 
unprecedented precision. The model is cost effective and allows a quantitative 
and rigorous screening of anticancer drugs. The fully 3D interconnected GCNT 
web is biocompatible and is an ideal tool to study 3D biological processes in 
vitro representing a pivotal step toward precise and personalized medicine.
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The brain is formed by an intricate assembly of cellular 
networks, where neurons are embedded in an extracellular 
matrix (ECM) consisting of a dense 3D mesh of proteins that 
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electrical properties allow intensive interactions with and 
among cells, which boost electrical signaling,[10] modulate 
neuronal growth,[11] and guide the functional reconnection of 
segregated spinal cord slices.[4c] Different kinds of assemblies 
based on CNTs have been realized for a variety of applications 
(Figure S1a–c, Supporting Information). In terms of biological 
applications, 2D CNT-based bricks such as forests of vertically 
aligned CNTs,[12] films of CNT building blocks,[9b] and extended 
2D meshes of CNT[13] have been deposited on different sub-
strates to form dense blocks useful for several applications, 
but cells could not migrate into the deep layers of these CNT 
assemblies. On the other hand, CNTs embedded in hydrogel or 
porous organic structures[14] can host 3D cellular assemblies but 
do not have well-defined mechanical or electrical connections. 
Genuine 3D networks of CNTs have been produced by chemical 
infiltrating aqueous CNT dispersion into porous ceramic.[15] 
However, there is no additional crosslinking existing between 
the individual CNTs so that the electrical and mechanical con-
nectivity is random and not fully controlled. Therefore, the 
first motivation of the present work is the development of a 3D 
web of CNTs with a fully geometric, electrical, and mechanical 
interconnectivity allowing the reconstruction of in vitro neu-
ronal networks mimicking the in vivo brain connectivity which 
could be used for the screening of drugs against a variety of 
diseases,[16] such as malignant glioma infiltration.

Malignant glioma is composed of mutated glia cells that 
generate brain tumors.[17] The motility and ability of malignant 
glioma to migrate is at the basis of metastases in healthy brain 
regions. In terms of malignancy, malignant glioma kills 94.5% 
of patients within 5 years after diagnosis.[18] Malignant glioma 
uses different roots to infiltrate the brain,[17,19] and its malig-
nancy also stems from its ability to recover from surgical resec-
tion and its resistance to chemo and radio therapies.[20] At the 
moment, orthotopic models based on xenografts of malignant 

glioma cells on the whole brain of rats or mice are thought to 
be the best way to quantify malignant glioma infiltration. How-
ever, orthotopic models suffer from the use of immune-com-
promised animals and the obtained results could be affected 
also by species-differences.[21] Therefore, the second motiva-
tion of the present work is the development of in vitro models 
able to recapitulate the complex biology of malignant glioma 
infiltration.[22]

Graphene foams (GFs) have high mechanical rigidity, can 
reach more than one millimeter in height, and are biocompat-
ible, promoting the differentiation of neural stem cells in neu-
rons[23] and the synchronization of neuronal network activity.[4b] 
However, GFs have large pores ranging from 100 to 300 µm in 
diameter.[24] Consequently, the cellular assemblies that grow 
inside them are not dense.[24] To combine the advantages of 
both GF and CNTs, we constructed a hybrid scaffold made by 
graphene foam in situ growing carbon nanotubes to fill the 
pores.

A summary of the process for the fabrication of 3D CNT 
web through the pores of graphene foam (GCNT web) is illus-
trated in Figure  1a. Commercial 3D porous nickel foam[25] 
was used to prepare 3D GFs with a chemical vapor deposition 
(CVD) system. CH4 molecules was heated to 950 °C diffused 
into the Ni lattice and released carbon atoms that subsequently 
precipitated as graphene on the Ni surface during the cooling 
process.[26] Then, the 3D graphene/nickel foam was used to 
support the in situ growth of CNTs. Iron nanoparticles were 
confined to the interlamination of graphite using the inter-
calated FeCl3–graphite compound[27] as a catalyst during CNT 
growth. The catalyst was loaded upstream of the vapor flow, 
beside the graphene/nickel foam (Figure 1a, left panel). The 
CVD chamber was first heated to 1050 °C and was protected 
with a stream of Ar so that FeCl3 evaporated and the Fe atoms 
were captured by the GF. Afterward, the CNTs grew in situ on 

Adv. Mater. 2018, 30, 1806132

Figure 1. The fabrication and physical properties of GCNT web. a) Schematic illustration of the procedure for the in situ growth of CNTs inside GF 
scaffold. b) Representative SEM image of the GCNT web from the cross-section. c,d) Representative SEM images of the GCNT web with low- and 
high-magnification of the CNT web from the top view (inset: the optical images of porous nickel, graphene/nickel foam, and GCNT web). e) Typical 
Raman spectra acquired on the GF (green) and the GCNT web (magenta).
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the surface of the graphene skeleton under an appropriate ratio 
of CH4 and H2, which formed a monolithic graphene–CNT 
hybrid with microscale graphene skeletons and a 3D nanoscale 
CNT web inside. The GCNT web was finally obtained after wet 
etching of the Ni template (Figure 1a, right). The CNTs adhered 
well onto the GF even after having been exposed to ultrasound 
at 150 W for 30 min. The optical images of porous nickel, gra-
phene/nickel foam, and GCNT web (Figure 1c, inset) indicated 
highly functional structures. Scanning electron microscopy 
(SEM) images showed that the GCNT web presented a fully 
interconnected structure, where the CNTs filled up the pores 
of the GF, creating a web (Figure 1c) with a variable pore size 
distribution, ranging from hundreds of nanometers to tens of 
micrometers (Figure 1d). Moreover, the SEM image from the 
cross-section of the GCNT web presented a genuine 3D CNT 
interconnectivity along the z-direction and the GCNT web 
thickness could reach 1.5 mm according to the Ni template 
(Figure 1b). Compared to the previous GF scaffolds, these new 
GCNT web have a higher modulus of elasticity and conductivity 
(Figure S2a,b, Supporting Information), which are beneficial 
for neuronal proliferation, migration, and differentiation.[28] 
Raman spectra (Figure 1e) acquired on GF (green trace) and 
GCNT web (magenta trace) presented few-layer graphene 
and CNTs features identified as three characteristic peaks.[29] 
Besides, the spectrum of GF showed a strongly suppressed 
defect-related D band, indicating an overall high quality of gra-
phene. The D peak (≈1348 cm−1) associated with sp3-hybridized 
carbon atoms showed disordered carbon atoms and was attri-
buted to the presence of CNTs.[30] To the best of our knowledge, 
this is the first time that GFs with CNTs filling the pores have 
been successfully realized. Reported graphene–CNT hybrids 
either have a dense CNT mesh grown coaxially around the 
GF skeleton[31] or have thin nanoneedles on the surface of 
the GF skeleton.[32] These processes improve the surface area-
to-volume ratio and enrich the skeleton surface topology, but 
they do not provide a strong interconnectivity between CNTs.  
If compared to the previous assemblies based on CNTs  
(Figure S1a–c, Supporting Information), the GCNT web 
represents for the first time a genuine 3D monolithic CNT 
web with a fully interconnected structure leaving inner spaces 
between CNTs from hundreds of nanometers to tens of microm-
eters, which match the biological dimensions. The productive 
growth of CNTs allows highly crosslinked nanotubes to form fully 
geometric and mechanical interconnectivity. Because of the inter-
connected graphene skeleton and the in situ growth of CNTs, the 
CNT web also has a strong electrical connectivity.

The 3D GCNT web offers neuronal culture compatibility, 
where the dense CNT web provides the physical support to 
guide neuronal growth in a genuine 3D manner that is not 
restricted to a 2D flat culture. Confocal images of cortical 
cultures stained with phalloidin, an actin marker, and Hoe-
chst, a nuclear marker, show that neurons grew primarily on 
the skeleton of GF (Figure S3c, Supporting Information) and 
developed in 3D following the skeleton’s topology. In contrast, 
neurons grown inside the GCNT web formed a denser net-
work (Figure  2b), extending along the CNT web and filling the 
GF pores. SEM imaging of these cultures show that neurons 
pervaded the CNTs and that neurite outgrowth was guided 
by the overall CNT orientation (Figure 2c). The staining of 

neuronal axons and dendrites using SMI_312 and MAP2 as 
markers shows that neurons extended both axons and dendrites 
in all directions, developing a dense 3D network reminiscent 
of a native neural tissue (Figure 2a and Movie S1, Supporting 
Information).

The staining of axons with SMI_312 from a cross-section 
of the GCNT web shows the formation of a neuronal network 
(Figure 2f) extending up to 635 micrometers indicating that 
neurons penetrate through the entire 3D GCNT web. In addi-
tion, the almost uniform staining along the z-axis for several 
hundred of micrometers (Figure 2g) proves that we have a 3D 
neuronal network with a homogeneous density and there is 
no major difference between shallow and deeper layers. The 
same conclusion is obtained by SEM cross-section views of 
GCNT web (Figure 2h) showing cortical cells embedded over 
the entire z-axis. More interesting, the cortical cells could not 
only grow along the CNTs but also twine around the CNTs 
(Figure 2h, inset). The lower porosity of the GCNT web enables 
the retention of a larger number of neurons and glia inside the 
GCNT web, better mimicking the in vivo situation. After 8 d in 
culture (DIV 8), the nuclei count showed a fourfold increase in 
cell density in GCNT web compared to GFs (Figure 2d). A mor-
phometric analysis using confocal microscopy indicated that 
the average volume occupied by every single cell on the GCNT 
web was 50% higher than that observed on GFs (Figure 2e).

Calcium plays a critical role in regulating neuronal network 
activities by participating in the synaptic transmission between 
neurons, controlling vesicle release.[33] To investigate whether 
neurons grown in the 3D GCNT web are alive and functionally 
active, we performed calcium imaging experiments using the 
calcium indicator Fluo-4 AM as previously described.[4b] Fluo-
rescent images showed clear bright spots associated with the cell 
body of neurons and glia (Figure S4a, Supporting Information), 
which were located on the graphene skeleton but were also seen 
as suspended inside CNT web pores. Spontaneous calcium 
transients (DF/F) associated with the electrical firing of neurons 
were obtained by acquiring images at 3–5 Hz for 10–20 min 
(Movie S2, Supporting Information). At DIV 8, synchronous 
calcium transients with an amplitude of up to 1.5 DF/F  
were observed (Figure 2i); they had a sharp rising phase and 
a relatively slower decline, similar to the transients obtained 
from spiking neurons but not those from glial cell bodies 
(Figure S4b, Supporting Information). At DIV 15 (Figure 2j), 
calcium transients had a lower degree of synchrony, as shown 
by the raster plots (Figure 2m) and crosscorrelation matrices 
(Figure 2n). Similar results were also observed on GF scaffolds[4] 
(Figure S5, Supporting Information). During the early stages of 
development, specifically from DIV 2 to 4, the neuronal net-
works had a very low level of activity on both the GF and GCNT 
web. At DIV 6, the frequency and mean correlation coefficient 
(Figure S5f,g, Supporting Information) had a threefold increase 
and further increased over time. The bursting rate of neuronal 
growth inside the GCNT web was always higher than that of 
the growth on GF (Figure S5f, Supporting Information), even 
after DIV 15. A significant increase in burst frequency could be 
seen after DIV 15 inside the GCNT web (Figure 2k). Cortical 
networks grown inside the GCNT web at DIV 8 also showed a 
higher degree of synchrony than those grown inside the GF. As 
expected from the dynamics of the cortical network in vivo,[34] 

Adv. Mater. 2018, 30, 1806132
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Figure 2. 3D functional cortex-like network is bioengineered inside 3D GCNT web. a) Representative staining for neurites (with MAP2, left) and axons 
(with SMI_312, middle) inside GCNT web after 8 d of culture and 3D reconstruction of the neuronal network (right). b) Actin staining of cortical cells 
after 8 d of culture inside the GCNT web. c) SEM images of cortical cells (white arrow heads) trapped into CNTs web. d) Box plot of cell density for 
cortical cultures grown inside the GCNT web and GF scaffolds (Unpaired t-test; n = 10 and n = 11, respectively). e) Box plot of occupied volume by 
cortical cells grown inside the GCNT web and GF scaffolds (Unpaired t-test; n = 8 for both the GF and GCNT web). f) Staining of axons (with SMI_312) 
acquired from a cross-section of the GCNT web along the z-direction. Scale bar = 50 µm. g) The overall intensity distribution of the axon staining along 
the z-axis. h) SEM image of the GCNT web embedded with cortical cells acquired from the cross-section (inset: a cortical cell twined around a CNT). 
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after 15 DIV, the degree of synchrony decreased in networks 
cultured inside the GF and GCNT web (Figure 2l). Therefore, 
cortical cells inside the GCNT web grow in all directions to 
form through-space connectivity and functional properties that 
resemble the synchronized dynamical activity of in vivo net-
works.[34] In contrast to conventional GF and CNT scaffolds, 
the 3D GCNT web provides an appropriate microenvironment 
for neuronal network formation, such as neuron anchoring, 
cellular compartments, and cortical mechanical properties. 
Considering the brain complexity, our fully 3D interconnected 
GCNT web presents a major improvement for the study of the 
physiological and pathological processes in the brain.

An essential component of all 3D cellular assemblies is the 
ECM, which has the role of orchestrating the interactions between 
individual cells and the surrounding microenvironment.[35] 

The ECM is formed by different kinds of secreted molecules 
arranged in a 3D mesh and is not easily revealed in in vitro 
investigations with typical flat dishes. ECM proteins are impor-
tant for retaining the network connectivity of a mature neu-
ronal network[36] and constitute the matrix through which 
brain tumors, such as malignant glioma, travel to invade brain 
regions.[37] To verify whether cortical cells cultured on GCNT 
web secrete and produce the proteins forming the ECM, we 
stained the 3D coculture with standard markers for aggrecan and 
laminin. Aggrecan is an important protein specifically secreted 
by neurons that forms the perineuronal net,[38] whereas laminin 
is a key component of the basal lamina, which influences adhe-
sion, migration, differentiation and survival.[39] Confocal images 
of neurons stained with specific antibodies against aggrecan and 
laminin (Figure  3a and Figure S6a, Supporting Information) 

Adv. Mater. 2018, 30, 1806132

Figure 3. a) Staining for aggrecan and laminin proteins secreted by neurons cultured inside 3D GCNT web. b) An example of fluorescently labeled 
U87MG cells seeded inside the GCNT web. c) A representative live cell imaging experiment with fluorescently labeled U87MG cells (in red) and cortical 
cells (in cyan) obtained at different times. d,e) Cell velocity distribution and average velocities of malignant glioma cultured on coverslip (n = 156 cells), 
the GCNT web (n = 176 cells), and the cortex-like network (n = 171 cells, unpaired t-test).

i,j) Superimposed optical traces (three of them are shown separately at the bottom) obtained from neuronal cultures grown inside the GCNT web at 
DIV 8 and 15. k) Comparison of the frequency inside the GF and GCNT web at DIV 8 and 15 (n = 8 for GF, n = 10 for GCNT web at DIV 8; n = 6 for GF, 
n = 6 for GCNT web at DIV 15). l) Comparison of the crosscorrelation at DIV 8 and 15 (n = 8 for GF and GCNT web at DIV 8; n = 6 for GF and n = 5 for  
GCNT web at DIV 15; two-way analysis of variance (ANOVA), Sidak’s test). m) Representative raster plot of the peaks of calcium transients from cortical 
cultures grown inside the GCNT web at DIV 8 obtained from 16 different neurons. n) Representative crosscorrelation matrices of calcium transients 
from neuronal networks cultured inside the GCNT web at DIV 8 and 15.
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show a rich presence of the two proteins inside the GF and 
GCNT web, but the ratio between aggrecan and laminin on the 
GCNT web (73.5 ± 4.2%) is lower than that on GF (97.0 ± 5.5%) 
(Figure S6c, Supporting Information). A 3D reconstruction from 
serial images taken with confocal microscope allows us to visu-
alize the 3D organization of the ECM (Figure 3a and Figure S6b, 
Supporting Information). We found that the degree of colocali-
zation of aggrecan and laminin was higher inside the GCNT 
web than inside the GF (Figure S6d, Supporting Information), 
indicating that colocalization in 2D and 3D is different. The 3D 
GCNT web can provide an exact 3D visualization of the ECM 
secreted by different cells, particularly by brain cancer cells, 
and can resolve the fine mechanical details of cell motility. In 
this way, it will be possible to link the mechanical and chemical 
abnormalities of the ECM to brain cancer invasion.

The basic mechanisms of cell motion on 2D flat culture are 
generally understood, and several methods have been developed 
to visualize and analyze cell migration in 2D. Nevertheless, 
in vivo cells grown in a 3D environment can follow different 
migration strategies, and 2D cultures cannot adequately repli-
cate the complex in vivo tumor microenvironment; therefore, 
2D cultures are poor predictors of tumor cell behavior in vivo.[40] 
To gain detailed insights into glioma cells infiltration in an 
intact brain, experimental models that recapitulate the highly 
complex 3D in vivo environment are needed, and therefore, 
we cultured U87MG cells inside the GCNT web. U87MG cells 
were genetically labeled with the red fluorophore mCherry, and 
their 3D motion was investigated with 3D time-lapse imaging. 
In these experiments, we acquired a stack of 20 images with 
z-steps of 3 µm every 3 min. Glioma grown inside the GCNT 
web (Figure 3b and Movie S3, Supporting Information) moved 
rapidly, and in a time window of just 10 min, they could move 
over several micrometers. During their motion, they squeezed, 
modifying their shape (see the U87MG cells indicated by aster-
isks). From the acquired stack of images, we recovered the 3D 
trajectories (Figure  4a, left panel, and Figure S7a, Supporting 
Information) using the Fiji plugin TrackMate as previously 
described[41] over periods of time of up to 6–24 h. From these 
trajectories, the velocity of the movements along the x-, y-, 
and z-axes distribution and the velocity of the cells during this 
period were computed. A comparison of the velocity of glioma 
in 2D and in 3D (Figure 3d,e) showed that glioma moved with a 
lower velocity inside the GCNT web than on 2D flat dishes. Our 
3D trajectories are very similar to those obtained with a recently 
proposed method based on label-free 3D single cell tracking.[42] 
Similarly to what we observed in human primary macrophages 
in 3D biometric matrices,[42] the migration velocity of U87MG 
cells along the z-axis is lower than the lateral velocity along the 
x and y-axes (Figure 4b,c).

Brain cancer infiltration occurs in a 3D environment com-
posed of healthy cortical tissue, i.e., neurons, glia cells, blood 
vessels, and the ECM. Therefore, U87MG cells were cocultured 
with rat cortical cells, comprising both neurons and glia cells. 
Having verified that cortical cells grown inside the GCNT web 
produce ECM proteins, we compared glioma motility in the 
GCNT web and the GCNT-web-based cortex-like network. Before 
seeding inside the GCNT web, cortical cells were labeled with 
the fluorescent probe DiD, which intercalates in the lipid mem-
branes. In this way, it was possible to distinguish red fluorescent 

U87MG cells from healthy cyan cortical cells (Figure 3c). Their 
motions were investigated by 3D time-lapse imaging, lasting 
from several hours up to 2 d. U87MG infiltrated the 3D network 
formed by neurons and glia cells, often sliding along the thin 
CNTs in a way reminiscent of what they do along blood vessels[17] 
in the intact brain (Movie S4, Supporting Information). U87MG 
moved much more than neurons and glia cells, which appeared 
to be stable. The presence of cortical cells significantly slows 
down the motion of glioma (Figure 3d,e).

Our data show that the migration velocity of malignant 
glioma cells depends on the environment where they are cul-
tured; this velocity decreases inside the GCNT web, and it 
decreases even more when glioma cells are cocultured with cor-
tical cells. The obvious question, therefore, is how different is 
the action of drugs on glioma migration inside the GCNT web 
and in the presence of cortical cells? We compared the effect of 
the metabolic inhibitor blebbistatin on the migration of glioma 
cells in these three environments. Blebbistatin is a small mol-
ecule that inhibits both nonmuscle myosin II and smooth 
muscle myosin II,[43] and it has already been used as a blocker 
for brain cancer infiltration.[44] The effect of blebbistatin on the 
migration of fluorescently labeled U87MG on the flat 2D dish 
was observed with conventional live cell imaging (Figure 4f 
and Figure S7b, Supporting Information). The 3D trajectories 
of U87MG (Figure 4a) were obtained over a 4 h period before 
the application of 50 × 10−6 m blebbistatin and over another 4 h 
period after the addition of the drug. From the 3D trajectories, 
we derived the mean velocity (averaged on time and among all 
cells) before and after the addition of 50 × 10−6 m blebbistatin 
(Figure 4f). Upon application of 50 × 10−6 m blebbistatin, the 
mean velocity of U87MG decreased by almost 34% inside the 
GCNT web and to a lower extent (approximately 23%) in our 
cortex-like network.

From the 3D trajectories, we also computed the velocity of 
the movement along the three axes (x, y, and z) with the aim 
of determining the existence of differences in the velocity in 
the lateral (x- and y-axes) and axial direction (z-axis). In the 
absence of coculture with cortical cells, the addition of blebbi-
statin decreased the velocity in all three directions (Figure 4b). 
On the other hand, when U87MG cells were cocultured inside 
the GCNT web with cortical cells (Figure 4c), we observed a sig-
nificant difference in the velocity only along the x- and y-axes 
(p < 0.001, Kolmogorov–Smirnov test) but not on the z-axis 
(p = 0.9467, Kolmogorov–Smirnov test), indicating that blebbi-
statin reduces primarily the lateral velocity. Therefore, our 
results suggest an involvement of the extracellular environment 
in malignant glioma motility, and in turn, a reduced effect of 
blebbistatin in the presence of cortical cells compared to the 
GCNT web alone (Figure 4d,e).

The recent advances in in vitro 3D culture technologies 
including organoids, spheroid cultures and primary cells 
grafted directly into biologically relevant matrix preparations 
and appropriate cortical slices[45] have opened new avenues 
for the development of more physiological cancer models.[46] 
The ability of these models to accurately replicate the complex 
microenvironmental and extracellular conditions prevailing in 
the brain allows us to visualize brain cancer infiltration, such 
as in an arthotopic xenograph of malignant glioma in the 
mouse brain.[47] Nevertheless, none of these approaches allow 
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the recovery of the 3D motion of individual glioma which could 
provide a 3D map of overall invasion. The combination of our 
3D GCNT web with live cell imaging of fluorescently labeled 
glioma cells and cortical cells allows exact recovery of the 3D 
trajectories of individual malignant glioma infiltration and 
quantification of the effect of drugs.

In summary, we have fabricated a 3D monolithic porous 
GCNT web with fully geometric, mechanical and electrical 
interconnectivity by in situ CVD growth of interconnected 
CNT web into the GF pores. The 3D GCNT web provides a 
novel biomaterial to construct a 3D cortex-like network which 

responds to dense neuronal network and functional activity 
closer to the in vivo conditions. The cortex-like network allows to 
study brain connectivity and neuronal dysfunction and, further, 
to construct an ideal glioma infiltration model to map the 3D 
overall invasion, which could be an additional and more visible 
technology for preclinical therapeutic approaches screening. 
Future developments already in process include the analysis 
of the 3D motion of malignant glioma from patients in our 
model and the comparison of ECM secreted by different kinds 
of malignant glioma cells. The application of 3D GCNT web in 
cancer model construction also represents an important step 

Adv. Mater. 2018, 30, 1806132

Figure 4. Blebbistatin performed properly on the glioma infiltration model constructed by the cortex-like network. a) 3D map for reconstructing tra-
jectories of glioma infiltration during almost 6 h of live cell imaging pre- and postblebbistatin inside the single GCNT web and the cortex-like network.  
b,c) Cell movement velocity distribution along x, y, and z inside the single GCNT web and the cortex-like network preblebbistatin (blue) and post-
blebbistatin (yellow). d) Distribution of absolute cell velocities of glioma preblebbistatin (blue) and postblebbistatin (yellow). e) The same as in (d) but  
inside the cortex-like network. f) Comparison of the effect of blebbistatin on the absolute glioma velocity grown on a flat coverslip, GCNT web and  
the cortex-like network (preblebbistatin: coverslip n = 156 cells; GCNT web without cortex n = 176; with cortex n = 171 cells, postblebbistatin: coverslip 
n = 144 cells; GCNT web without cortex n = 179 cells; with cortex n = 149 cells, two-way ANOVA, Sidak’s test).
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toward precise and personalized medicine. Indeed, it is pos-
sible to derive cortical cells from the stem cells of a patient and 
to screen drugs that can block the infiltration of brain cancer 
cells obtained from the same patient. Therefore, our system is 
not only a novel platform for live cell imaging achievement but 
also a new route toward the findings of improved methods to 
eradicate tumors without affecting the host’s cells.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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Materials and Methods 

Synthesis processes of intercalated FeCl3-graphite. Intercalated FeCl3-graphite was 

synthesized using a reported two-zone vapour transport method
24

. Graphite flakes (1 g, 

99.8%, ABCR Karlsruhe, Germany) and anhydrous FeCl3 powder (5.6 g, Alfa Aesar) were 

mixed in a two-zone reactive container. Then, the container was heated at 380℃ for 24 hours 

in a muffle furnace (TM-0912P, China). After having naturally cooled down to room 

temperature, the as-synthesized compound was used as the catalyst in CNT growth. 

Synthesis processes of GCNT web. The GCNT web were fabricated by a two-step chemical 

vapour deposition (CVD) process in a horizontal tube furnace (Thermcraft, USA), including 

the growth of GF and GCNT web. The pre-cleaned porous Ni foam (PPI 100±10, Alantum 

Advanced Technology Materials, China) was placed in a 1-inch-diameter quartz tube that was 

pre-mounted in the furnace. During the preparation of GF, the Ni foam was first annealed at 

950℃ for 10 minutes under H2 (100 sccm) and Ar (100 sccm) atmosphere to clean their 

surfaces and eliminate surface oxidation layers. Next, 50 sccm of H2 and CH4 was introduced 

into the CVD system for 30 minutes, following by cooling to room temperature to allow 

graphene to grow on the Ni scaffold surfaces. The prepared GFs were cut at a width of 1 cm 

to be the carrier of CNTs. During the growth of CNTs, the as-synthesized intercalated FeCl3-

graphite powder was loaded upstream and next to the GF in a rail boat, which was then 

transferred into the middle of a quartz tube. Approximately 160 sccm of H2 and 40 sccm of 

CH4 was introduced into the CVD system for 15 minutes after the furnace was heated to 1050 
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℃ under the protection of Ar (200 sccm). The samples were then submerged into a FeCl3 (1 

M) solution for 48 hours to chemically etch Ni from the Ni foam. Then, the samples were 

immersed into hot HNO3 at 80 ℃ for 2 hours. After complete etching, the GCNT web were 

washed with deionized water until the pH was 7. The GCNT web samples were finally dried 

at 60 ℃ in air. 

Morphological, structural and physical property characterizations of GCNT web. 

Morphological and structural characterizations of the 3D-CG samples were investigated by 

field-emission scanning electron microscopy (SEM) equipped with an energy dispersive 

spectrometer (EDS) (Quanta 400 FEG, FEI, USA). The crystallinity and number of the layer 

presented within graphene were examined by a Raman spectrometer (LabRAMHR800, 

HORIBA, France). In the mechanical property characterization, a compression test was 

carried out by a high-precision mechanical testing system (Instron 3365, USA). Conductivity 

was performed using an Agilent B1500A semi-conductor device analyser (Agilent 

Technologies Inc., USA). 

Neuronal network preparation and culture. Cortical neurons from Wistar rats (P1-P3) 

were prepared in accordance with the guidelines of the Italian Animal Welfare Act, and their 

use was approved by the Local Veterinary Service, the SISSA Ethics Committee board and 

the National Ministry of Health (Permit Number: 630-III/14) in accordance with the European 

Union guidelines for animal care (d.1.116/92; 86/609/C.E.). To minimize the suffering of 

animals, the rats were anaesthetized with CO2 and sacrificed by decapitation quickly. During 

the culture process, substrates, including 3D GFs and 3D GCNT web, were first cleaned with 

O2 plasma and sterilized with ultraviolet rays (UV). Then, they were coated with 50 μg mL
-1

 

poly-L-ornithine (Sigma-Aldrich, St. Louis, MO, USA) overnight, immersed in culture 

medium overnight and coated with Matrigel just before cell seeding (Corning, Tewksbury 

MA, USA). The samples for ECM protein immunocytochemical staining were not coated 

with Matrigel. Dissociated cells were plated at a concentration of 2.4 × 10
6
 cells Ml

-1
 on 3D 
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GF and 3D GCNT web in a drop of minimum essential medium (MEM) with GlutaMAXTM 

supplemented with 10% foetal bovine serum (FBS, all from Invitrogen, Life Technologies, 

Gaithersburg, MD, USA), 0.6% D-glucose, 15 mM Hepes, 0.1 mg ml
-1

 apo-transferrin, 30 μg 

ml
-1

 insulin, 0.1 μg ml
-1

 D-biotin, 1 μM vitamin B12 (all from Sigma-Aldrich), and 2.5 μg ml
-

1
 gentamycin (Life Technologies). After 1 hour Neurobasal supplemented with 2% of B-27, 

10 mM Glutamax (all from ThermoFisher) and 0.5 μM Gentamycin (Sigma) was added as a 

culture medium. Half of the medium was changed every week. Neuronal cultures were 

maintained in an incubator at 37 °C, 5% CO2 and 95% relative humidity. 

Morphological and immunocytochemical analysis. Cells were fixed in 4% 

paraformaldehyde containing 0.15% picric acid in phosphate-buffered saline (PBS), saturated 

with 0.1 M glycine, permeabilized with 0.1% Triton X-100, saturated with 0.5% BSA (all 

from Sigma-Aldrich) in PBS and then incubated with phalloidin Alexa Fluor® 488 (Life 

Technologies) for 30 minutes or o.n. at 4°C with primary antibodies: rabbit polyclonal against 

MAP2, rabbit polyclonal against aggrecan and mouse monoclonal against laminin (all from 

Sigma-Aldrich) and SMI 312 mouse monoclonal antibodies (Covance, Berkeley, CA). The 

secondary antibodies were goat anti-rabbit Alexa Fluor® 488, goat anti-mouse Alexa Fluor® 

488, (all from Life Technologies), biotin conjugated goat anti-mouse and goat anti-rabbit 

(Sigma); the incubation time was 3 hours at room temperature (20–22 °C). When a biotin 

conjugated secondary antibody was used, another incubation of 1 hour with streptavidin 

Alexa Fluor® 647 (Life Technology) was performed. Nuclei were stained with 2 μg ml
-1

 PBS 

Hoechst 33342 (Sigma-Aldrich) for 5 minutes. Samples were mounted in Vectashield (Vector 

Laboratories) on 1-mm thick coverslips with a homemade adaptor of PDMS to host the 3D 

samples. The cells were examined using a Nikon C2 confocal microscope to acquire higher 

quality images. The fluorescence images were collected with a 20X magnification and 0.5 NA 

objective. Each image was acquired with z-steps of 2 μm. Analysis and 3D reconstruction of 
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the image stack were accomplished using NIS-Elements AR software (Nikon), Volocity 

(PerkinElmer), and the open source image-processing package Fiji (http://fiji.sc/Fiji). 

Calcium imaging acquisition procedures. The cultured cells at 2, 3, 4, 6, 8, and 15 days in 

vitro (DIV 2, 3, 4, 6, 8, and 15, respectively) were loaded with a membrane-permeable 

calcium dye Fluo4-AM (Life Technologies) by incubating them with 4 μM Fluo4-AM 

(dissolved in anhydrous DMSO (Sigma-Aldrich), stock solution 4 mM) and Pluronic F-127 

20% solution in DMSO (Life Technologies) at a ratio of 1:1 in Ringer’s solution (145 mM 

NaCl, 3 mM KCl, 1.5 mM CaCl2, 1 mM MgCl2, 10 mM glucose and 10 mM Hepes, pH 7.4) 

at 37°C for 1 hour. After incubation, the cultures were washed with Ringer’s solution for 30 

minutes and then transferred to the stage of a Nikon Eclipse Ti-U inverted microscope 

equipped with a piezoelectric table (Nano-ZI Series 500 μm range, Mad City Labs), an HBO 

103 W/2 mercury short arc lamp (Osram, Munich, Germany), a mirror unit (exciter filter BP 

465–495 nm, dichroic 505 nm, emission filter BP 515–555) and an Electron Multiplier CCD 

Camera C9100-13 (Hamamatsu Photonics, Japan). The calcium imaging recordings were 

performed at RT, and images were acquired using the NIS Element software (Nikon, Japan) 

with an S-Fluor 20x/0.75 NA objective at a sampling rate of 3–5 Hz with a spatial resolution 

of 256×256 pixels for 10 minutes. To avoid saturation of the signals, excitation light intensity 

was attenuated by ND4 and ND8 neutral density filters (Nikon). 

Calcium imaging processing and analysis. The initial video was processed with ImageJ (U. 

S. National Institutes of Health, Bethesda, MA) software. The image sequences were then 

analysed as previously described. Briefly, neurons were localized, and an appropriate region 

of interest (ROI) was selected to subtract the background. Appropriate ROIs around the cells 

bodies were then selected. The time course of the fluorescence intensity, If(t), in this ROI was 

displayed, and any decay, which is a consequence of dye bleaching, was evaluated. The Ca
2+

 

transients of each cell signal were extracted in a semi-automatic manner by selecting a 

threshold for the smallest detectable peak that was equal to three times the standard deviation 
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of the baseline. Subsequently, the decay of If(t) was fitted to a cubic spline (Y(t)) interpolating 

If(t) at 10 or 20 points. Y(t) was then added to the original optical signal to compensate for 

dye bleaching, and the fractional optical signal was calculated as follows:  

    (1) 

where If(0) is the fluorescence intensity at the beginning of the recording. 

Computation of raster plot and correlation coefficient of Calcium transient occurrence. 

The times, ti, at which transient peaks occurred are presented in a conventional raster plot. To 

isolate the smaller transients from the larger ones, single traces were considered 

independently. The amplitude distribution of peaks was calculated to separate the two 

different classes of events. Based on this distribution, a threshold was set to approximately 

30% of the maximum amplitude. All peaks under the threshold were considered small 

transients, whereas all other peaks were considered to be large calcium transients. 

The correlation coefficient of the calcium transients for neuron i and neuron j (σCTij) was 

computed as follows. The total recording time, Ttot, was divided into N intervals (1..,n,…,N) 

of a duration Δt. Thus, if fin and fjn are the numbers of calcium transients of neuron i and 

neuron j in the time interval Δtn, then we have the following equation: 

       (2) 

where σCTij depends on Δt and varies between 0 and 1. The range of explored values of Δt was 

20 s. 

Live cell imaging of U87MG culture and co-culture system. U87MG purchased from 

SIGMA (#89081402) were cultured in Dulbecco's Modified Eagle Medium (DMEM) 

supplemented with 10% foetal bovine serum (FBS, all from Invitrogen, Life Technologies, 

Gaithersburg, MD, USA), 1% PenStrep (100 U mL
-1

 penicillium and 100 μg mL
-1

 

streptomycin, Invitrogen) and passaged every 3 days. The mCherry-labelled U87MG cells 

were kindly provided by the laboratory of Prof. Antonello Mallamaci from the International 
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School of Advanced Studies. U87MG cells were acutely infected at a concentration of 500 

cells μL
-1

 by a mix containing a lentiviral vector, LV_Pgk1p-mCherry, at a multiplicity of 

infection (m.o.i.)=6. This m.o.i. is sufficient to infect almost all U87MG cells in these 

conditions.  

When required, U87MG cells were treated with 1Xtrypsin-EDTA (0.05% trypsin and 0.02% 

EDTA, Sigma) and suspended in the culture medium. Approximately 2.0x10
4
 U87MG cells 

were plated on a flat coverslip, 3D GCNT web and 3D GCNT web with cortex cells that had 

been cultured for 5 days, and then, the co-culture system was cultured in the incubator at 37°C, 

5% CO2 and 95% relative humidity for two days, and the recording experiments were started. 

Before seeding U87MG cells, the cortex cells were stained with Vybrant™ DiD Cell-

Labeling Solution (5 µL mL
-1

, Thermo Fisher) for 20 minutes and then washed with a warm 

medium. During the imaging experiment, blebbistatin (Sigma) was administered to the cells at 

a final concentration of 50 µM in the culture medium. 

Living cell imaging acquisition procedures and analysis. Live cell imaging experiments 

were performed on an epi-fluorescence microscope (Olympus IX-83, Olympus) equipped 

with an imaging chamber incubator (Okolab, Pozzuoli, Italy) and LED illumination (λ=590 

nm for mCherry, λ=660 nm for Vybrant DiD). During all imaging experiments, cells were 

kept at 37°C, 5.0% CO2 and 95% humidity. Time-lapse images were taken with 500 ms of 

exposure time. When Z-stack images were acquired for 3D motion tracking, we recorded a 

stack of 20 images with z-steps of 3 μm every 3 minutes. All acquisitions were done with a 

CCD sensor at 12-bit depth (ORCA-D2, Hamamatsu) and operated with a 20X air objective 

(Olympus, NA=0.75). 

The videos were analysed using the Fiji plugin TrackMate
50

, which allows the selection of 

regions of interest (ROIs) for every cell in 3D. It also allows us to follow the centroid of the 

3D ROI over time and obtain the average velocities and 3D coordinates. Once the cell ID, xyz 

positions and time points were extracted, the trajectories and velocities on the three axes (x, y, 
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and z) were visualized by plotting the coordinates using Matlab 2015. To calculate and plot 

the velocities on every single axis (x, y, and z), we established a 5-point numerical 

differentiation formula (see Matlab code) as follows: 

     (4) 

Using this approach, we could evaluate the different velocities of U87MG cells in the 

presence and absence of cortical cells and before and after the administration of the drug 

blebbistatin. 

Statistical analysis. Data are shown as the mean ± s.e.m. from at least three neuronal culture 

preparations from different animals. For the morphological analysis of immunofluorescence 

images, n refers to the number of images analysed. The quantified activity (IEI and cross-

correlation) and morphological data were analysed with the ANOVA test followed by post-

hoc comparisons using the software Sygma Plot 10.0. Differences between two groups were 

evaluated with an unpaired t-test (Statistica 6.0 – StatSoft Italy). The number of replicas and 

statistical tests used for each experiment is mentioned in the respective figure legends or in 

the Results section. Significance was set to *p < 0.05, **p < 0.01 and ***p < 0.001. 
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Supporting Figures 

 

Figure S1.  Representative CNT structures reported in the literature. 
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Figure S2. Physical properties of GCNT web. a) Strain-stress curves acquired from 

compressed test on GCNT web and GF. b) I-V curves acquired from four points electrical test 

on GCNT web and GF. 

 

 

Figure S3. 3D cortical culture embedded into GF scaffolds. a-b) Staining for axons (with 

SMI_312) and neurites (with MAP2) on GF  c) Actin staining of cortical cells after 8 days of 

culture on GF scaffold. The intricate mesh made by neuronal processes inside the GCNT web 

is more extended than the network formed on GF. 
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Figure S4. Typical calcium transients from glial cells and neurons. a) Representative 

fluorescence image of a neuronal culture loaded with Fluo-4 AM grown on a GCNT web. 

Orange (blue) circles indicate selected regions corresponding to the soma (neurite/process) of 

both neuron and glia cell. b) Optical transients from glia have a slow time course (upper 

portion of the panel) and those from neurons (lower portion) have a faster rising phase. 

Occasionally the neuronal fast transients can be contaminated from slow signals coming from 

glia cells often positioned below the neurons. 
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Figure S5. Spontaneous activity dynamics of 3D cortical cultures. a) Representative 

fluorescent image of a neuronal culture loaded with Fluo-4 AM grown in a GF scaffold. Olive 

circles indicate regions selected for the recovery of calcium transients. b-c) Representative 

superimposed optical traces (3 of them are shown separately in the bottom) obtained from the 

3D neuronal network cultured on GF at DIV 8 and 15 respectively. The insets in the top 

portion of both panels show on an expanded time scale the synchronized calcium transients. 

d) Raster plot of the peaks of optical transients at DIV 8 and 15 for 9 and 11 different neurons 

respectively. e) Cross-correlation matrices of calcium transients from neuronal networks 

cultured on GF at DIV 8 and 15 respectively. f) Frequency of calcium transients from cortical 

cultures grown on GF and GCNT web at different developmental stages. g) Mean correlation 

coefficient of calcium transients from cortical cultures grown on GF and GCNT web at 

different developmental stages.  

 

 

Figure S6. The 3D ECM secreted by cortical cells grown on GF scaffolds. a) Representative 

staining of aggrecan (left panel) and laminin (middle panel) secreted by cortical cells cultured 

in 3D GF scaffold.  b)  3D reconstruction of laminin and aggrecan, which form the ECM 

secreted by cortical cells grown on GF. c) Ratio of production of aggrecan versus laminin on 
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GF and GCNT web. Collected data from 4 and 6 different stains in GF and GCNT web, 

respectively. d) Colocalization ratio between aggrecan and laminin on GF and GCNT web. 

 

 

Figure S7. a) Representative trajectory of a U87MG infiltration inside GCNT web. b) 

Velocity distribution of glioma cultured on coverslip under the treatment of blebbistatin. 

n=156 cells for pre-blebbistatin and n=144 cells for post-blebbistatin. 
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Supporting Movies 

 

Movie S1. 3D reconstruction of cortical neuronal network embedded in GCNT web at DIV 8. 

Images were acquired by Nikon C2 confocal microscope with a 20X magnification and 0.5 

NA objective. Each image was acquired with z-steps of 2 μm. 

 

Movie S2. Calcium imaging from neuronal culture loaded with 4 µM Fluo-4-AM calcium 

indicator in 3D GCNT web at DIV 8. Images were acquired with 20X and 0.75 NA objective, 

5 Hz, a spatial resolution of 256 × 256 pixels and for 10 min. The movie reproduction has 

been made using 100 frames per second. 
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Movie S3. Living cell imaging from U87 GBM cells labeled with the red fluorophore 

mCherry by infecting with LV_Pgk1p-mCherry cultured in 3D GCNT web. Images were 

taken with a 20X and 0.75 NA air objective, 2 Hz. Stack of 20 images with z-steps of 3 μm 

every 3 minutes. 

 

 

Movie S4. Living cell imaging from U87 GBM cells labeled with the red fluorophore 

mCherry by infecting with LV_Pgk1p-mCherry and cortical cells labeled with the fluorescent 

probe DiD co-cultured in 3D GCNT web. Images were taken with a 20X and 0.75 NA air 

objective, 2 Hz. Stack of 20 images with z-steps of 3 μm every 3 minutes. 
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The role of dimensionality in 
neuronal network dynamics
Francesco Paolo Ulloa Severino1,*, Jelena Ban1,*, Qin Song2, Mingliang Tang3, 
Ginestra Bianconi4, Guosheng Cheng2 & Vincent Torre1

Recent results from network theory show that complexity affects several dynamical properties of 
networks that favor synchronization. Here we show that synchronization in 2D and 3D neuronal 
networks is significantly different. Using dissociated hippocampal neurons we compared properties of 
cultures grown on a flat 2D substrates with those formed on 3D graphene foam scaffolds. Both 2D and 
3D cultures had comparable glia to neuron ratio and the percentage of GABAergic inhibitory neurons. 
3D cultures because of their dimension have many connections among distant neurons leading to 
small-world networks and their characteristic dynamics. After one week, calcium imaging revealed 
moderately synchronous activity in 2D networks, but the degree of synchrony of 3D networks was 
higher and had two regimes: a highly synchronized (HS) and a moderately synchronized (MS) regime. 
The HS regime was never observed in 2D networks. During the MS regime, neuronal assemblies in 
synchrony changed with time as observed in mammalian brains. After two weeks, the degree of 
synchrony in 3D networks decreased, as observed in vivo. These results show that dimensionality 
determines properties of neuronal networks and that several features of brain dynamics are a 
consequence of its 3D topology.

Neuronal networks in the brain have connections extending in all 3 dimensions (3D), a characteristic that is lost 
in planar neuronal cultures grown on 2D supports1–3: these 2D networks exhibit cell-cell contacts that differ from 
the complex 3D interactions that occur in vivo. Several properties of brain dynamics have been identified and 
two of them are particularly relevant here: firstly, the coexistence of segregated and global processing, in which 
specific computations are carried out locally while information and signals are transmitted throughout the entire 
brain4; secondly, the existence of neuronal assemblies which change their degree of correlated activity both in 
time and in space, generating a variety of rhythms5. These basic properties6–10 could be a consequence of the fact 
that neuronal networks in the brain are embedded in a 3D space. Indeed, dynamical properties of 3D brain net-
works could be significantly different from those of 2D cultures.

The understanding of the different dynamical properties of 2D and 3D neuronal networks is relevant not only 
for basic neuroscience but it is also important for the repair of the nervous system, especially the brain, and for 
the realization of what is referred to as the “organic electrode” used for chronic implants11,12. A first step towards 
this goal is the development of in vitro networks of neurons and/or neuronal stem cells grown in appropriate 
3D supporting scaffolds. Graphene is a highly conductive hydrophobic material13, therefore graphene scaffolds 
have been used to grow and to electrically stimulate neuronal networks14. Moreover, graphene promotes neurite 
outgrowth15,16 and reduces the inflammatory response17. A second important step for the repair of the nervous 
system requires that the cultured 3D neuronal networks have physiological and dynamical properties -as close 
as possible- to those observed in the brain, allowing the transplantation of these 3D networks into the central 
nervous system.

The present manuscript has two main objectives: firstly, to understand the role of dimensionality in determin-
ing the dynamical properties of neuronal networks, and secondly, to make progress towards the repair of lesions 
in the nervous system. Therefore, we used 3D graphene foam (3D-GF) scaffolds to grow 3D networks of dissoci-
ated rat hippocampal neurons, and we compared the properties of 2D and 3D neuronal networks cultured on 2D 
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Glass coverslip (2D Glass), 2D graphene films (2D G), and 3D-GFs. We show that 3D networks have dynamical 
properties that are quantifiably more similar to what is observed in the brain than 2D networks4,5,18–20.

Results
Important features of networks depend on their connectivity, i.e. the number and properties of the connections 
between the units (neurons) composing the networks21,22.

In order to determine differences between 2D and 3D neuronal networks, we plated hippocampal neurons on 
different substrates: 2D Glass, 2D G and 3D-GFs and examined their morphology and dynamics after 8–9 and 
14–15 days in vitro (DIV) using immunocytochemistry and calcium imaging.

Dynamical properties of 2D and 3D networks. Mechanisms leading to the synchronization of coupled  
oscillators have been extensively studied for several decades and more recently using network theory23–27. Novel 
insights into the global dynamics of coupled oscillators on lattices, where coupling is restricted to the nearest 
neighbours, clarify the effect of dimensionality on the synchronization properties of these networks. In fact, using 
tools from mean-field analysis, scaling theory and numerical simulations28,29 it is possible to investigate the role 
of the dimension d in network formed by the classical Kuramoto model. Indeed, fully entrained synchrony in an 
infinite hypercubic lattices is possible only for d > 4, whereas entrained states can form only locally for 2 < d ≤ 4. 
In addition, synchronization has been shown to be impossible for d ≤ 2, i.e., global or local entrained states can-
not occur for these dimensions29. These results provide a theoretical framework to explain why in 2D lattice no 
synchronization can occur while in 3D lattices some sort of weak synchronization is expected. Recent develop-
ments in network theory23–25 have elucidated the role of long-range shortcuts, i.e., of a direct coupling between 
nodes (neurons) that are not physically near. The modularity of the network, i.e., the tendency of some units to 
be more densely connected to each other than to the rest of the network, together with the presence of short- and 
long-range connections (the small-world property) produce a rich phenomenology, including full synchroniza-
tion and patches of synchronization that vary in time and space, such as frustrated synchronization9,10.

We have developed models in which the 3D spatial distribution of neurons promotes the establishment of 
neuronal networks with small-world properties and high modularity. To this end we have modelled the 3D scaf-
fold as a fractal tree, and we have sprinkled neurons on it uniformly, generating regions of different neuronal 
density. Then short distance links and a small density of long distance links were established forming a modular 
small-world network (Fig. 1a). The obtained networks exhibit three kinds of dynamical regimes (Fig. 1b) depend-
ing on the strength of coupling K: full synchronization (red line) was observed for high values of K, whereas low 
values of K resulted in the absence of synchronization (yellow); intermediate values of K yielded a time-varying 
degree of synchronization, usually referred as frustrated synchronization (orange). Frustrated synchronization is 
a consequence of the modularity of the network and of an intermediate value of K. All these results suggest a more 
complex dynamics in 3D than in 2D neuronal networks.

2D and 3D cultures grown on graphene substrates. 2D G and 3D graphene foams (Fig. 2a,b) were 
prepared using a chemical vapour deposition method using a Cu and Ni template respectively. Successive washing 
steps (Methods) then chemically removed the templates. Raman spectrum analysis obtained from these 3D-GFs 

Figure 1. 3D network model. (a) Simulation of a 3D neuronal network which is modular and has short 
range connections and some long range connections (small-word network). The neurons are distributed 
along a fractal tree and primarily connected by short-range interactions; long-range interactions constitute 
a small proportion of the connections. The Kuramoto model of this network yields three dynamical regimes 
as a function of the strength of the coupling, K, between the oscillators. Large values of K result in a fully 
synchronized phase, whereas low values of K do not produce synchronization. Intermediate values of K produce 
a phase of frustrated synchronization. In panel (b), we plotted the order parameter, R, for the synchronization 
as a function of time, t, for different values of the coupling, K. The parameter R ranges from one (totally 
synchronized state) to zero (absence of synchronization). As a function of K, the plots indicate three different 
synchronization phases for the simulated 3D network.
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Figure 2. Cellular morphology of 2D and 3D cultures. (a) SEM image of a 2D graphene film. Darker areas 
present an higher number of layers compared to the brighter one; as shown in the inset the surface is flat. 
(b) SEM image of a 3D Graphene Foam scaffold (3D-GF); the surface presents ripples, as shown in the inset.  
(c) Hippocampal culture at 7 DIV on 2D Glass stained for β-tubulin III (TUJ1, red), glial fibrillary acidic protein 
(GFAP, green) and Hoechst 33342 nuclear stain (blue). (d) The same as (c) but for 3D-GFs. (e) Proportion 
of neurons (TUJ 1-positive) and glia (GFAP-positive) among different substrates tested. TUJ 1- and GFAP-
negative cells are referred to as “other”. (f,g) GFAP staining of astrocytes on 2D G and 3D-GF, respectively. 
(h) Percentage of astrocytes with processes for the different substrates tested (**p < 0.01 ***p < 0.001 One-way 
ANOVA, Holm-Sidak post-hoc test). (i,j) Neuronal cultures on 2D G and and 3D-GFs respectively. Cells were 
stained for MAP2 (green), GABA (red) and Hoechst 33342 nuclear marker (blue). (k) Percentage of GABAergic 
inhibitory neurons for three conditions tested. The images are the projections of a 20 μm z-stack for 2D samples 
and 35–50 μm for the 3D cultures, acquired with 0.5-μm slice spacing. Scale bar, 50 μm.
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shows that these scaffolds are of high quality and consist of few graphene sheets14. 3D-GFs have holes with diame-
ters ranging from 100 to 500 μm and the size of their backbone varied from 100 to 200 μm. Neurons survived well 
in all three tested conditions and formed functional networks after one week.

In order to examine the relative abundance of neurons and glial cells, cultures were stained with antibodies for 
neurons (β-tubulin III) and for glial cells with glial fibrillary acidic protein (GFAP), as shown in Fig. 2c,d. The pro-
portion of β-tubulin III-positive neurons (68.89 ± 3.59% on 2D Glass, 63.01 ± 3.18% on 2D G and 69.29 ± 2.23% 
on 3D-GFs) and the percentage of GFAP-positive astrocytes (23.93 ± 3.66%, 29.67 ± 1.68% and 23.25 ± 1.84% on 
2D Glass, 2D G and 3D-GFs, respectively) were similar among different cultures (Fig. 2e; n = 6(744), n = 5(436), 
n = 7(403)). Glial cells adhered to the 3D-GFs as well as to flat surfaces, forming a layer above which neurons 
formed a network. Both stellate-shaped and flattened ovoid morphologies were observed (Fig. 2f,g), which are 
typical of in vitro dissociated primary cultures30,31. Nevertheless, the majority of astrocytes on 3D-GFs extended 
processes (78.80 ± 3.37%, n = 8 (125)), whereas the ratio of astrocytes with extended processes was significantly 
lower for 2D cultures (Fig. 2h, 38.82 ± 3.69%, n = 9(432) for 2D Glass and 22.67 ± 3.2%, n = 5(160) for 2D G, 
one-way ANOVA tested with Holm Sidak test). These observations suggest that 3D cultures favour a more differ-
entiated and in vivo-like morphology.

We compared the amount of inhibitory GABAergic neurons between 2D and 3D cultures after 7DIV with 
staining for microtubule-associated protein 2 (MAP2) and GABA (Fig. 2i,j). As shown in Fig. 2k, all cultures 
tested showed comparable percentages of GABA-positive neurons: 22.77 ± 1.07% for 2D Glass, 22.90 ± 1.92% 
for 2D G and 23.40 ± 1.49% for 3D-GFs (n = 5(566), n = 7(436) and n = 11(276) for glass, 2D G and 3D-GFs 
respectively). These data show that the ratio of excitatory and inhibitory neurons was not altered on 3D-GFs, but 
the composition of GABAergic subtypes32,33 or the density of both pre- and post-synaptic GABA receptors could 
be different.

Neuronal culture on 3D-GFs extended continuously and uniformly along the scaffold backbone 
(Supplementary Fig. S1). After one week of culture, we counted the number of neurites emerging from each 
neuron and the average number of neurites was similar for glass, 2D G and 3D-GFs (2.99 ± 0.08, 3.06 ± 0.08 
and 2.86 ± 0.08 neurites per neuron; n = 141, 149 and 140 neurons analysed for 2D Glass, 2D G and 3D-GFs 
respectively). The same analysis showed that frequency distribution of the neurites’ number was similar for the 
three different supports (Supplementary Fig. S2). After two weeks of culture, axons approached a millimetre in 
length in both 2D and 3D cultures (Supplementary Fig. S3), but they only vertically extended several hundreds of 
micrometres on 3D-GFs, allowing a more extensive connectivity (Supplementary Video S1).

The spontaneous electrical activity of 3D networks is more synchronous. Fluorescence images 
of the Fluo-4-loaded neuronal cultures confirmed the formation of 2D neuronal networks (Fig. 3a) plated either 
on 2D Glass or on 2D G. Fluorescence images of 3D neuronal networks grown on 3D-GFs (Fig. 3b) showed that 
the scaffold backbone was entirely covered by neurons and glial cells. Cells could be visualized up to 500 μm deep 
in the scaffold because of the large size of the scaffold pores. Glial cells were present in all cultures and could be 
morphologically identified both in 2D and 3D cultures (Fig. 3c,d), because of their larger cell body and the shape 
of their processes. The spontaneous electrical activity of neurons was monitored by measuring their calcium tran-
sients (DF/F), obtained by acquiring fluorescence images at 3–10 Hz for 10–20 min. During this recording time, 
the emitted fluorescence was stable with negligible bleaching (Supplementary Video S2).

After one week of culture, it was possible to record clear calcium transients from both 2D and 3D neuronal 
cultures (Fig. 3e,f). The onset time of calcium transients was defined by detecting those events in the fluorescence 
signal that exceed at least three times the standard deviation of the noise (≈0.01 DF/F). Standard analysis of the 
percentage of active neurons, the mean amplitude of Ca2+-transients and the frequency distribution of the ampli-
tude, reveal that neuronal activity is significantly different for three-dimensional cultures (Supplementary Fig. S4).  
Indeed, calcium transients from 2D and 3D cultures had a different degree of synchrony, with 3D cultures appear-
ing consistently more synchronous. Calcium waves from glial cells (Fig. 3g) were less frequent but longer and 
larger with amplitude approximately greater than 0.2 DF/F and propagated at a speed between 4 and 5 μm/s in 2D 
cultures and between 5 and 7 μm/s in 3D-GFs. By contrast, calcium transients in neurons appeared to propagate 
along neurites almost instantaneously. Superimposed smaller and rapidly propagating calcium transients were 
observed in calcium waves, these transients presumably originated from neurites grown over glial cells (Fig. 3g 
arrows). Calcium waves in glial cells propagated both inter- and intra-cellularly along glial processes34,35.

Raster plots of detected calcium transients from 2D (Fig. 3h) and 3D neuronal networks (Fig. 3i) were con-
structed. The Δt interval between two successive calcium transients was computed to obtain an average inter 
events interval (IEI) for each neuron. The cumulative count (Fig. 3j) showed that the IEI for neurons in 3D-GFs 
was 32.8 ± 3.1 s, whereas this value was 51.5 ± 5.4 s and 57.3 ± 4.4 s for 2D Glass and 2D G, respectively. Therefore, 
the rate of firing was significantly higher in 3D networks compared to both the 2D cultures (ANOVA on ranks 
tested with Domm’s post-hoc test. n = 114 neurons for 6 neuronal cultures on 3D-GF; n = 103 neurons for 6 neu-
ronal cultures on 2D Glass; n = 127 neurons for 5 neuronal cultures on 2D G).

On the basis of these raster plots, we analyzed the degree of synchrony of 2D and 3D neuronal networks by 
computing the mean correlation coefficient (cc)19. We computed the cross-correlation matrix, , for all 
neuron pairs with entries σCTij, varying between 0 and 1 (Methods) in 2D and 3D networks (Fig. 3k). We also 
computed the cross-correlation matrix, , among the entire optical signals including their slow component. 
The entries of the matrix  were σSLOWij and varied between −1 and 1 (Methods) in 2D and 3D conditions 
(Fig. 3l). In both cases, the cc was obtained by averaging all entries of the  or  over all the experi-
ments. The values of the cc for the calcium transients in 2D Glass and 2D G cultures were significantly lower 
(0.53 ± 0.006 and 0.59 ± 0.006, respectively) than that of the 3D-GF cultures (0.82 ± 0.005). We considered also 
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the cross-correlation between the slow Ca2+ signals, which is a possibly more accurate measure of the degree of 
synchronization: the value of cc – obtained from -was lower for 2D Glass and 2D G cultures (0.33 ± 0.006 
and 0.50 ± 0.007, respectively) than for 3D-GFs (0.62 ± 0.008) (Fig. 3m; ANOVA on ranks tested with Domm’s 
post-hoc test. n = 1497 couples of neurons for 6 neuronal cultures on 2D Glass; n = 1624 couples of neurons for 5 
neuronal cultures on 2D G; n = 1093 couples of neurons for 6 neuronal cultures on 3D-GF). We examined also 
whether the value of cc depended on the distance between neurons: there was no difference when cc was 

Figure 3. The spontaneous activity of 3D networks is more synchronous. (a,b) Neuronal cultures loaded 
with 4 μM Fluo-4-AM calcium indicator on 2D Glass and 3D-GF, respectively. (c,d) Glial cells on 2D G and 
3D-GF respectively. Coloured circles indicate the ROIs where calcium waves were obtained. (e,f) Calcium 
transients on 2D Glass and 3D-GF, respectively, for 4 selected neurons. (g) Calcium waves from glial cells on  
2D G (top traces) and 3D-GFs (bottom traces); arrows indicate signals from neurites projecting over glial cells. 
(h) Raster plot of 2D culture on glass and (i) 3D culture on 3D-GFs for 22 selected traces. (j) Cumulative count 
of the Inter Events Interval (IEI) for neuronal cultures grown on 2D Glass, 2D G and 3D-GF (**p < 0.01 
***p < 0.001 ANOVA on ranks, Domm’s post-hoc test). (k) Cross-correlation matrices of calcium transients 

 in 2D and 3D neuronal networks. (l) Cross-correlation matrices of slow calcium signals  for the 
same two conditions. (m) Mean correlation coefficient of the calcium transients and slow calcium signals 
(***p < 0.001 ANOVA on ranks, Domm’s post-hoc test). Scale bar, 50 μm.



www.nature.com/scientificreports/

6Scientific RepoRts | 6:29640 | DOI: 10.1038/srep29640

computed among all active neurons in an image and for pairs of neurons separated by more than 200 μm 
(0.56 ± 0.009 for 2D Glass; 0.58 ± 0.008 for 2D G; 0.84 ± 0.007 for 3D-GF). These results show that the spontane-
ous firing of 3D networks is more synchronous than that of 2D networks and that the conductivity of graphene 
based materials, alone, does not affect the activity of neurons36,37 (Supplementary Information).

Different degree of connectivity leads to different network regimes. After one week of culture, 
3D networks exhibited two regimes: a highly synchronized (HS) regime, characterized by a very high synchrony 
of calcium transients (mean cc > 0.8), and a moderately synchronized (MS) regime, in which large synchronous 
transients coexisted with sparse smaller and uncorrelated transients (0.5 < mean cc < 0.8). The HS regime was 
very rarely observed in 2D networks grown on glass or 2D G obtained from the same batch of dissociated hip-
pocampal neurons.

MS regime. In several experiments, we observed from the cell body of the same neuron small and large calcium 
transients. Therefore, we computed the amplitude histograms of these transients during a period of up to 
10–20 min before the occurrence of dye bleaching (Methods). For many neurons, these histograms had two 
well-separated peaks (Fig. 4a) that allowed the identification of two classes of calcium transients (Fig. 4b), i.e. 
small (red) and large (black). The former had approximately the same amplitude and could originate either from 
a single action potential (AP) or from a burst of a small number of APs, whereas the latter were likely due to a 
burst of several APs occurring in a window of 200–500 ms38. Visual inspection of raster plots of these transients 
(Fig. 4c) suggests that large calcium transients (black bars) were more synchronous than small calcium transients 
(red bars). Therefore, we analysed the degree of correlation of these two classes. The cross-correlation matrices 

 (Fig. 4d,e) show that the large calcium transients were more correlated (cc = 0.69 ± 0.010) than the 
smaller (cc = 0.45 ± 0.009; n = 518 couples of neurons. Student’s t-test). Therefore, in the MS regime large syn-
chronous bursts of electrical activity coexisted with sparse firing which was poorly correlated. The frequency of 
the two types of signals differed significantly; the mean IEI of large synchronized transients was 31.7 ± 0.7 s, 
whereas that of small, poorly correlated transients was 25.1 ± 0.6 s (Fig. 4f. Mann Whitney test. n = 50 cells for 3 
neuronal cultures).

HS regime. 3D-GFs contained large pores with a diameter ranging from 100 to 500 μm. After 8–15 days of 
culture, we observed neurites able to cross the pores and bridge distances of 100–200 μm in the scaffold (Fig. 5a). 
Clear calcium transients that originated from crossing neurites were recorded (Fig. 5b red trace), and these tran-
sients were correlated with those that originated from neighbouring neurons (black traces). In some preparations, 
holes were not only filled with crossing neurites but also with the soma of neurons and glial cells, which appeared 
to be hanging in the pore (Fig. 5c).

3D-GFs with a high degree of connectivity, as indicated by the presence of the soma of neurons inside the 
holes and many crossing neurites (Fig. 5d), had calcium transients almost completely synchronous (Fig. 5e where 
24 traces overlapped - top traces- and 3 isolated examples are reported - bottom traces). We defined this state 
as highly synchronous (HS) and the rising phase of these calcium transients matched perfectly (Fig. 5e, insets) 
within the limits of our time resolution (3–5 Hz). The falling phase of calcium transients from different neurons, 
however, had a different time course. This higher synchrony (cc = 0.93 ± 0.004; n = 483 couples of neurons) is 
attributed to a more extensive connectivity associated to the presence of crossings (or shortcuts) across the holes 
and the long neurites extending in 3D along the scaffold backbone.

Transitions between HS and MS. Neuronal cultures grown on 3D-GFs often exhibited clear transitions between 
the MS and HS regimes (Fig. 5f). During the 10–20 min of network activity, the value of cc – computed over a 
time window of 2–4 minutes - fluctuated between 0.8 and 1.0 (HS regime, Fig. 5f, red trace) as well as between 0.6 
and 0.8 (MS regime, Fig. 5f, orange traces). A network remained in a given state for 2–5 minutes and frequently 
changed its degree of synchrony – i.e., the value of the cc. When cultures obtained from the same hippocampal 
tissue were grown on a 2D flat substrate – either glass or a graphene film – the value of cc remained confined 
between 0.4 and 0.6 (Fig. 5f, yellow trace). Only neuronal networks with a high number of crossings or short-
cuts across holes, as those in Fig. 5c,d, remained in the HS state for the entire duration of the optical recording 
(Fig. 5e). In several 3D neuronal networks, transitions between the HS and the MS state were observed (orange 
symbols in Fig. 5f), and there were episodes in which calcium transients were highly synchronous (Fig. 5g) and 
in other episodes the degree of correlation was significantly lower (Fig. 5h). In the great majority of 2D neuronal 
networks the degree of synchrony was lower (yellow symbols in Fig. 5f,i). The transition from the MS to the HS 
regime is reminiscent of a phenomenon observed in 2D cultures after the addition of inhibitors of GABAergic 
pathways39.

Neuronal assemblies in synchrony change in time and space. 3D-GFs have holes with a diameter of 100–500 μm, 
allowing visualization of neurons on focal planes separated by 100–200 μm along the z-axis (Supplementary Fig. S1).  
In this way we followed the spontaneous activity of 3D neuronal assemblies and we could observe possible 
changes in space and in time of the degree of synchrony. Indeed, by using a stage controlled by a fast piezoelectric 
device, we collected fluorescence images at focal planes separated in the axial (vertical) direction by 100–200 μm. 
Fluorescence images were obtained by acquiring 3 frames per second at each plane with a time shift of 167 ms 
(corresponding to 100 ms of exposure time and 67 ms for the movement of the stage). This delay between images 
collected at different focal planes is small in comparison of the duration of calcium transients (10–20 s) and 
represents the time resolution for the determination of synchrony. Calcium transients obtained from neurons 
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with the soma on one plane (Fig. 6a,b,e,f; red circles) could be synchronous (Fig. 6c,d,g,h; blue shadow bars)  
and not in synchrony with calcium transients from neurons on focal planes at a distance of some tens of microns. 
Often, however, calcium transients obtained from focal planes at a distance of 76 (Fig. 6a–d) and 110 μm 
(Fig. 6e–h) were synchronous (pink shadow bars). These episodes of high synchrony in 3D were interspersed 
with periods of less correlated electrical activity (also Fig. 5f).

These results have two important consequences: firstly, they show that in 3D neuronal networks neurons 
extend neurites along the z-axis for several hundreds of microns so to form long-range connections; secondly, 
that the assemblies of neurons in synchrony are highly dynamic and change both in space and time, reminiscent 
of what is usually referred as frustrated synchronization in network theories9,10 and often observed in native 3D 
neuronal networks19.

We computed the cross-correlation matrix  for all pairs of neurons positioned on both planes (Fig. 6i). 
Visual inspection of the matrix , show a high degree of synchronization for pairs of neurons from the same 
focal plane (z1 or z2) (entries framed in light blue and dark blue in Fig. 6i). Pairs of neurons from different focal 
planes have a lower degree of synchrony (entries framed in black in Fig. 6i). Collected data from 3 neuronal cul-
tures show that the mean value of cc was 0.61 ± 0.02 among calcium transients measured from neurons in the 
same focal plane. When pairs of neurons from different focal planes were considered the value of cc decreased to 
0.43 ± 0.01 which was smaller than that of all pairs of neurons (cc = 0.51 ± 0.01). (Fig. 6j, ANOVA on ranks tested 
with Domm’s post-hoc test; 79, 207 and 364 pairs of neurons for z1 and z2, z1∩z2 and z1∪z2 respectively). These 
values of cc were obtained from averaging data over a time window of 20 minutes, but a different and more 
dynamic picture is observed when the cross-correlation matrix  is computed on successive time windows 
of 60 s, as shown in Fig. 6k. The degree of synchrony of calcium transients among neurons on the same focal plane 
varies with time and when neurons on two different focal planes are considered there are episodes in which cal-
cium transients are in phase or in anti-phase (Fig. 6k light and dark blue line). When pairs of neurons from differ-
ent focal planes were considered, we observed episodes where calcium transients were highly synchronous (value 

Figure 4. Small and large calcium transients. (a) Amplitude histograms of calcium transients obtained from 
one optical trace: two peaks are clearly present. (b) Representative optical trace with large (black) and small 
(red) calcium transients. (c) Raster plot of large (black dash) and small (red dash) transients for 23 different 
neurons. (d,e) Cross correlation matrices calculated for the large and small transients, respectively. (f) The 
mean value of IEI for large and small calcium transients; data from 3 experiments and a total of 50 neurons 
(***p < 0.001 Student t-test).
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of cc close to 0.8) and episodes of complete lack of synchrony (value of cc below 0.2). The overall degree of syn-
chrony among all neurons varied significantly in time (Fig. 6k yellow line) and was slightly higher than that of 
pairs of neurons from distinct focal planes.

Maturation of 3D neuronal networks. We investigated also changes of the spontaneous activity of 3D neuronal 
cultures during the maturation. We compared neuronal cultures obtained from the same batch of dissociated 
hippocampal neurons after one week (8–9 DIV) and two weeks (15–16 DIV) of culture. Calcium transients after 
one week of culture were rather synchronous (Fig. 7a) and the degree of synchrony decreased after two weeks 
(Fig. 7b). The mean IEI increased its value from 32.8 ± 3.0 to 46.8 ± 10.5 seconds (Fig. 7c). The value of the cc, 
instead, decreased from 0.82 ± 0.005 (8–9 DIV) to 0.53 ± 0.02 (15–16 DIV) in 3D-GFs and this change was statis-
tically significant (Fig. 7d; Mann-Whitney test). The decreased correlation between calcium transients was more 
evident for pairs of neurons separated by a distance larger than 100 μm (Fig. 7e). The degree of synchrony, quan-
tified by the value of cc, fluctuated similarly for 3D neuronal networks after one and two weeks of culture (Fig. 7f) 
and episodes of high synchrony (value of cc close to 0.9) were interspersed with periods of low synchrony (cc 
around 0.6). This reduction is very similar to what observed during maturation in the rat cortex19 where synchro-
nization of calcium transients decreases at the second week of maturation. It is possible that the observed decrease 
of synchrony in our 3D neuronal cultures and in cortical networks have a similar origin associated to maturation.

Figure 5. High connectivity leads to HS regime. (a) Fluorescent image of a neuronal culture grown on a 
3D-GF loaded with Fluo-4 AM; a crossing neurite (inset) and two examples of ROIs (black circles) are shown. 
(b) Optical traces from the crossing neurite shown in a (red trace) and from two neighbouring neurons (black 
traces) obtained from the two ROIs indicated in a. (c) Fluorescence image of a neuronal culture grown on a 
3D-GF where neurons cross and fill a pore of the scaffold with both neurites and cell bodies. Cells were stained 
for the somatodendritic neuronal marker MAP2 (red), axonal marker SMI 312 (green) and Hoechst 33342 
nuclear stain (blue). (d) Example of a highly connected network as in c but loaded with Fluo-4 AM exhibiting 
the HS regime. (e) 24 superimposed optical traces (3 of them are shown separately in the bottom part) 
obtained from the 3D neuronal network shown in d; the rising phase of calcium transients is almost perfectly 
synchronized, as shown in the insets. (f) Time evolution of the correlation coefficient cc computed over a bin 
width of 2 minutes for 3D neuronal networks in the MS and HS regime and for 2D neuronal networks. (g–i) are 
examples of optical traces for each type of regime with the same colour code as in (f). Scale bar, 50 μm.
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Discussion
The present manuscript demonstrates that the dynamics of 3D neuronal networks differ from those of 2D neu-
ronal networks and better recapitulate what is observed in vivo19,40. This difference is due to a more extensive con-
nectivity, which results in a more synchronous electrical activity41 and frustrated synchrony. Our results extend 
and complete previous recent investigations42,43, providing an experimental framework rationalizing theoretical 
results9,10,23–25 and explaining why 2D and 3D neuronal networks have different properties. In addition to this, we 
show that graphene scaffolds are a solid and biocompatible support useful in biomedical applications.

We have identified two main regimes of spontaneous activity that depend on the degree of 3D connectivity: 
a high connectivity leads to an almost complete synchronization of the bursting activity (HS regime); in the 
presence of a less extensive connectivity, synchronous bursts coexist with local uncorrelated firing (MS regime). 

Figure 6. Assemblies of neurons firing in synchrony are dynamic and change both in space and time. 
(a,b,e,f) Fluorescent images of neuronal networks stained by Fluo-4-AM at two focal planes of the same 3D 
neuronal networks at different z heights (0–76 and 0–110 μm respectively). Calcium transients were obtained 
from identified neurons indicated by the red circles. (c,d,g,h) Traces obtained from neurons in (a,b,e,f) 
respectively. Calcium transients in synchrony on both planes are framed by pink shadow bars and those in 
synchrony only on a single plane by blue shadow bars. (i) Cross-correlation Matrix of calcium transients  
obtained at 2 different focal planes (z1 and z2). Data from 8 (7) neurons at the focal plane z1 (z2).  is 
partitioned in 4 regions, corresponding to the values of the cross-correlation among pairs of neurons in the 
same focal plane (the two squares along the diagonal, framed in light and dark blue) and among pairs of 
neurons in different focal planes (the two rectangles off the diagonal, framed in black). (j) The mean value of 
correlation coefficient for pairs of neurons on the same focal plane (blue), for pairs of neurons on different focal 
planes (black) and for all pairs of neurons (yellow). Collected data from 3 experiments (n = 79, 207 and 364 
pairs of neurons, ***p < 0.001 ANOVA on ranks, Domm’s post-hoc test). (k) Time evolution of the correlation 
coefficient cc computed over a bin width of 60 s for pairs of neurons on the same focal plane (light blue and blue 
line), for pairs of neurons on different focal planes (black line) and for all pairs of neurons (yellow line). Scale 
bar, 50 μm.
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A recent approach allowed to study simultaneously the calcium activity of multiple layers of the mouse cortex 
with cellular resolution44; acquisition at two different fields of view separated by almost 300 μm showed that 
some neurons can have a highly correlated activity. Our almost simultaneous measurement of calcium transients 
on two different focal planes of the 3D-GF, vertically separated by 70–150 μm, allowed us to observe correlated 
activity both between neurons of the same focal plane and between neurons from different planes. These results 
also show that the degree of correlated electrical activity is modular and changes in size with time, in agreement 
with network theory9,10,23–25 and experimental observations19,40. Therefore, neuronal networks grown on 3D-GFs 
recapitulate two basic properties of the complexity of the brain: firstly, the coexistence of local and global electri-
cal activity (Fig. 4), and secondly, the existence of neuronal assembly with a degree of correlated electrical activity 
varying in space and time (Figs 1, 5 and 6). These two properties are not shared by 2D neuronal networks, and are 
the consequence of the dimensionality of networks grown on 3D-GFs.

Glial cells grown on 3D scaffolds maintain the in vivo-like complex morphology2,45. Almost 80% of astrocytes 
extended processes on our 3D-GFs, whereas glia with processes represented less than 40% of GFAP-positive cells 
on glass. The amount of “undifferentiated” astrocytes (i.e., lacking processes) reached almost 80% on 2D G, the 
opposite of what we observed on 3D-GFs. Therefore, the 3D topology, rather than graphene itself, promotes the 
extension of glial processes in all three dimensions, as it does in vivo2,46.

The diameter of pores in 3D hydrogel scaffolds47 and 3D nanofibers2 are on the order of some tens of micro-
metres, varying from 20 to 60 μm. However, the pores in our 3D-GF scaffolds are larger by almost 1 order of 
magnitude. As shown in Fig. 5, neurites and even the cell bodies of neurons and glial cells could be found inside 
these holes. Crossings more often occurred near the edges of the holes, where the distance is shorter and more 
anchoring sites are present. Large pores lead to enhanced nutrient and oxygen diffusion48 and the optimization 
of pore size is crucial.

Materials and Methods
Construction of the simulated 3D network and Kuramoto model. In order to construct the 3D 
network, first we place the nodes (neurons) along a 3D Pythagoras fractal tree.

This tree is formed by n = 8 number of iterations, it has a vector scale factor r = [0.5,0.8,0.8] a vector of azi-
muth angles of the fractal generator phi = [0,2*pi/3,4*pi/3], a vector of polar angles in fractal generator relative 
to the trunk chi = [pi/3,pi/3,pi/3], and coordinate of the trunk xb, yb and zb given by [0,0],[0,0],[0,1]. This tree 
can be generated with the FraktalT3D MATLAB code using the command

FraktalT3D (n,[0.5,0.8,0.8],[0,2*pi/3,4*pi/3],[pi/3,pi/3,pi/3],[0,0],[0,0],[0,1]).

Figure 7. Changes of the degree of correlated activity of 3D neuronal networks during maturation.  
(a,b) Calcium transients of neurons cultured on 3D GF after 8DIV and 15 DIV respectively. (c) The mean value 
of IEI after 8DIV and 15DIV. (d) The correlation coefficient shows that there is a reduction in the network 
synchronization after 15DIV (***p < 0.001 Mann-Whitney test). (e) The correlation coefficient between pairs 
of neurons at different distances. While after 8DIV both near and far pairs of neurons are synchronous, at 15 
DIV pairs of far neurons are less synchronous. (f) Time evolution of the correlation coefficient cc computed 
over a bin width of 2 minutes for 3D neuronal networks after 8DIV (yellow) and 15 DIV (green). The value of cc 
Correlation coefficient fluctuated similarly after 8 and 15DIV.
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Along the branches of the tree we place randomly the nodes (neurons) of the simulated network with an aver-
age density ρ = 3 neurons/unit length. We indicate with N the number of such neurons.

The simulated neuronal network is generated by placing short-range links between the neurons i and j with 
probability

= −p e , (1)ij
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and long-range links with probability
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0 , δ and α are parameters determining the 
topology of the network.

For a wide range of parameter values the networks generated in this way are small world, have a modular 
structure and the distribution of the nodes is fractal.

On these networks we simulated a Kuramoto model of coupled oscillators, by numerically integrating the 
equations
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for i = 1,2… N, where θi is the phase of the oscillator i, K is the parameter determining the intensity of the coupling 
between the oscillators, ωi is the intrinsic frequency of the oscillator i and is drawn randomly from a Gaussian dis-
tribution with zero average and unitary standard deviation, aij is the adjacency matrix of the network indication 
which neurons are connected together, and ki is the degree of node i, i.e.
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In order to evaluate the synchronization property of the 3D network we have measured the order parameter R 
given by
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which takes values between 0 and 1.
Large values of R indicate phase synchronizations while R ≈ 0 indicates absence of synchronization.
We found, that for networks which are at the same time small world and fractal, three different phases of the 

synchronization dynamics occur as a function of the coupling K. These are: for high values of K, the fully synchro-
nized phase characterized by large values of R which reach a steady state in time, for intermediate values of K, the 
frustrated synchronization characterized by intermediate values of R which do not reach a steady state in time, 
and for low values of K, the absence of synchronization characterized by very small values of R. These phases as 
described in the main text and typical simulations results are shown in Fig. 1e.

We note here that the network considered in Fig. 1d,e it is constructed by taking = .d 0 025SR
0 , = .d 0 01LS

0 , 
α = 2.5 and a dynamics given by equation (3) with K = 1, K = 9 and K = 25.

Scaffold preparation. Graphene samples were synthesized using the chemical vapour deposition (CVD) 
method as described previously14,49,50. Briefly, the 3D-GFs were made via CVD using Ni foam as a template, 
whereas the 2D graphene films were prepared using a Cu foil as substrate. All heavy metal components were 
then chemically removed, and the substrates were rinsed with HNO3, HCl and running water for at least 72 h 
to remove the etching agents. For sterilization, the scaffolds were treated with UV light for 20 min, followed by 
decreasing concentrations of ethanol (100%, 75%, 50% for 10 min). Finally, the scaffolds were rinsed with sterile 
deionized water (twice for 10 min).

Neuronal preparation and culture. Hippocampal neurons from Wistar rats (P2-P3) were prepared 
in accordance with the guidelines of the Italian Animal Welfare Act, and their use was approved by the Local 
Veterinary Service, the SISSA Ethics Committee board and the National Ministry of Health (Permit Number: 
630-III/14) in accordance with the European Union guidelines for animal care (d.1.116/92; 86/609/C.E.). The ani-
mals were anaesthetized with CO2 and sacrificed by decapitation, and all efforts were made to minimize suffering. 
All substrates (2D glass coverslips, 2D graphene films and 3D-GFs) were coated with 50 μg/ml poly-L-ornithine 
(Sigma-Aldrich, St. Louis, MO, USA) overnight, soaked in culture medium overnight and coated with Matrigel 
just before cells seeding (Corning, Tewksbury MA, USA). Dissociated cells were plated at a concentration of 
6 × 105 cells/ml on 2D substrates and 2.4 × 106 cells/ml on 3D-GF in minimum essential medium (MEM) 
with GlutaMAXTM supplemented with 10% foetal bovine serum (FBS, all from Invitrogen, Life Technologies, 
Gaithersburg, MD, USA), 0.6% D-glucose, 15 mM Hepes, 0.1 mg/ml apo-transferrin, 30 μg/ml insulin, 0.1 μg/ml  
D-biotin, 1 μM vitamin B12 (all from Sigma-Aldrich), and 2.5 μg/ml gentamycin (Life Technologies). After 
48 hours, 2 μM cytosine-β-D-arabinofuranoside (Ara-C; Sigma-Aldrich) was added to the culture medium to 
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block glial cell proliferation, and the concentration of FBS was decreased to 5%. Half of the medium was changed 
every 2–3 days. The neuronal cultures were maintained in an incubator at 37 °C, 5% CO2 and 95% relative humid-
ity. The cell concentration was adjusted to ensure comparable cell numbers on all substrates. Unlike the 2D sub-
strates, on which all plated cells uniformly deposit on the surface, the 3D-GFs retain cells, which permeate the 
pores.

Calcium Imaging. The cells were loaded with a cell-permeable calcium dye Fluo4-AM (Life Technologies) 
by incubating them with 4 μM Fluo4-AM (dissolved in anhydrous DMSO (Sigma-Aldrich), stock solution 4 mM) 
and Pluronic F-127 20% solution in DMSO (Life Technologies) at a ratio of 1:1 in Ringer’s solution (145 mM 
NaCl, 3 mM KCl, 1.5 mM CaCl2, 1 mM MgCl2, 10 mM glucose and 10 mM Hepes, pH 7.4) at 37 °C for 1 hour. 
After incubation, the cultures were washed and then transferred to the stage of a Nikon Eclipse Ti-U inverted 
microscope equipped with a piezoelectric table (Nano-ZI Series 500 μm range, Mad City Labs), an HBO 103 
W/2 mercury short arc lamp (Osram, Munich, Germany), a mirror unit (exciter filter BP 465–495 nm, dichroic 
505 nm, emission filter BP 515–555) and an Electron Multiplier CCD Camera C9100-13 (Hamamatsu Photonics, 
Japan). The experiments were performed at RT, and images were acquired using the NIS Element software 
(Nikon, Japan) with an S-Fluor 20x/0.75 NA objective at a sampling rate of 3–10 Hz with a spatial resolution of 
256 × 256 pixels for 10–20 min. To avoid saturation of the signals, excitation light intensity was attenuated by ND4 
and ND8 neutral density filters (Nikon).

Data Analysis. Ca2+ imaging processing and analysis. The initial video was processed with the ImageJ (U. S.  
National Institutes of Health, Bethesda, MA) software. The image sequences were then analysed as described 
previously51. Briefly, neurons were localized, and an appropriate region of interest (ROI) was selected to subtract 
the background. Appropriate ROIs around the cells bodies were then selected. The time course of the fluorescence 
intensity, If(t), in this ROI was displayed, and any decay, which is a consequence of dye bleaching, was evaluated. 
The Ca2+ transients of each cell signal were extracted in a semi-automatic manner by selecting a threshold for the 
smallest detectable peak that was equal to three times the standard deviation of the baseline. Subsequently, the 
decay of If(t) was fitted to a cubic spline interpolating If(t) at 10 or 20 points. If(t) was then fitted to the original 
optical signal to compensate for dye bleaching, and the fractional optical signal was calculated as follows: DF/F = 
(Y(t)+If(t))/If(0), where If(0) is the fluorescence intensity at the beginning of the recording.

Computation of raster plot and correlation coefficient of Ca2+ transient occurrence. The times, ti, at which tran-
sient peaks occurred are presented in a conventional raster plot. To isolate the smaller transients from the larger 
ones, the single traces were considered independently. The amplitude distribution of peaks was calculated to 
separate the two different classes of events. Based on this distribution, a threshold was set to approximately 30% 
of the maximum amplitude. All peaks under the threshold were considered small, whereas all other peaks were 
considered to be large calcium transients.

The correlation coefficient of the calcium transients for neuron i and neuron j (σCTij) was computed as follows: 
The total recording time, Ttot, was divided into N intervals (1,..,n,…,N) of a duration Δt. Thus, if fin and fjn are the 
number of calcium transients of neuron i and neuron j in the time interval Δtn, then

σ =
∑

∑ ∑

f f

f f( )( ) (5)
CT

n in jn

n in n jn
2 2ij

such that σCTij depends on Δt and varies between 0 and 1. The range of explored values of Δt was 20 s.

Computation of cross-correlation of slow Ca2+ oscillation. Because we observed that Ca2+ transients can occur 
both during a positive phase and a negative phase of Ca2+ fluctuation, we also analysed and computed the cor-
relation coefficient of slow Ca2+ oscillation. The correlation coefficient of this type of oscillation can be negative, 
whereas σCTij can only vary between 0 and 1. The correlation coefficient of slow Ca2+ oscillation obtained for 
neuron i and neuron j (σSLOWij) was computed as follows:

If sin is the slow signal from neuron i at time tn, its mean value, 〈si〉, is given by ∑ s
N
n in  where N is the total num-

ber of available samples.

σ =
∑ − 〈 〉 − 〈 〉

∑ − 〈 〉 ∑ − 〈 〉

s s s s

s s s s

( )( )

( ( ) )( ( ) ) (6)
SLOW

n in i jn j

n in i n jn j
2 2ij

so that σSLOWij varies between −1 and 1 and σSLOWij was computed at the same time interval of σCTij.

Morphological and immunocytochemical analysis. Cells were fixed in 4% paraformaldehyde con-
taining 0.15% picric acid in phosphate-buffered saline (PBS), saturated with 0.1 M glycine, permeabilized with 
0.1% Triton X-100, saturated with 0.5% BSA (all from Sigma-Aldrich) in PBS and then incubated for 1 h with 
primary antibodies: mouse monoclonal glial fibrillary acidic protein (GFAP), rabbit polyclonal against MAP2 and 
GABA (all from Sigma-Aldrich), anti-β-tubulin III (TUJ1) and SMI 312 mouse monoclonal antibodies (Covance, 
Berkeley, CA). The secondary antibodies were goat anti-rabbit Alexa Fluor® 488, goat anti-mouse Alexa Fluor® 
594, goat anti-mouse immunoglobulin (Ig) G1 Alexa Fluor® 488, goat anti-mouse IgG2a Alexa Fluor® 594, (all 
from Life Technologies) and the incubation time was 30 min. Nuclei were stained with 2 μg/ml in PBS Hoechst 
33342 (Sigma-Aldrich) for 5 min. All the incubations were performed at room temperature (20–22 °C). The cells 



www.nature.com/scientificreports/

13Scientific RepoRts | 6:29640 | DOI: 10.1038/srep29640

were examined using a Leica DM6000 fluorescent microscope equipped with DIC and fluorescence optics, CCD 
camera and Volocity 5.4 3D imaging software (PerkinElmer, Coventry, UK). The fluorescence images were col-
lected with a 20x magnification and 0.5 NA objective. For each image at least 30 slices were acquired with slice 
spacing of 0.5 μm. Image J by W. Rasband (developed at the U.S. National Institutes of Health and available at 
http://rsbweb.nih.gov/ij/) was used for image processing.

Statistical analysis. Data are shown as the mean ± s.e.m from at least three neuronal cultures. For the mor-
phological analysis of immunofluorescence images (Fig. 2), n refers to the number of images analysed, and the 
number in brackets refers to total number of cells analysed. The quantified activity (IEI and Cross-correlation) 
and morphological data were analysed with the ANOVA test followed by post hoc comparisons using the software 
SygmaPlot 10.0. Differences among two groups were evaluated with Kolmogorov-Smirnov test, Student’s-t test 
or Mann-Whitney test (Statistica 6.0 – StatSoft Italy). The number of replicates and statistical tests used for each 
experiment are mentioned in the respective figure legends or in the Results. Significance was set to *p < 0.05,  
**p < 0.01 and ***p < 0.001.
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Supplementary Figure S1 

 

Supplementary Figure S1. Neuronal network is continuous throughout the 3D-GF backbone. From top to bottom: 
three consecutive z-projections for the 175 µm thick z-stack. The thickness of each sub-stack is indicated on the left 
and the total z-stack thickness is indicated on the right. Images were acquired with slice spacing of 0.5 µm and 
derive from the neuronal culture grown for 7 DIV on 3D-GFs and stained for β-tubulin III (TUJ1, red), glial 
fibrillary acidic protein (GFAP, green) and Hoechst 33342 nuclear stain (blue). Scale bar, 100 µm. 



Supplementary Figure S2 

 

 

 

 

 

 

Supplementary Figure S2. Neurite outgrowth is similar between 2D and 3D neuronal networks. (a) The average 
number of neurite per neuron was obtained from fluorescence images of neurons stained for MAP2 at 7 DIV. (b) 
Frequency distribution of neurite numbers for glass, 2D-G and 3D-GFs. n refers to number of neurites per neuron. 

  



Supplementary Figure S3 

 

 

 

 

 

 

 

 

Supplementary Figure S3. After two weeks of culture axons can reach millimeter length. Fluorescent image of 
hippocampal culture at 14 DIV cultured on glass and stained for axonal marker SMI 312. Cell nuclei were marked 
by Hoechst 33342. Arrowheads follow the axon that extends for several hundreds of micrometer reaching millimeter 
length. Similar axon outgrowth was observed also on 2D-G and 3D-GFs. Scale bar, 100 µm. 

  



Supplementary Figure S4 

 

 

 

 

 

 

Supplementary Figure S4. Standard analysis of network activity. (a) Percentage of active neurons for 2D Glass, 
2D-G and 3D-GFs respectively. Significant difference is reported comparing 2D Glass and 3D-GFs (**=p<0.01 
ANOVA on ranks, Domm’s post-hoc test). (b) Weighted mean of Ca2+-transients amplitude (averaged over the 
single neurons). 2D-G and 3D-GFs have comparable values, neurons on 2D Glass show a significant reduction 
(**=p<0.01 ANOVA on ranks, Domm’s post-hoc test). (c) Frequency distribution of the amplitudes for the three 
conditions. The bottom panel show the exponential fitting curve used to evaluate the decay time of the chart. 
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Comparison of the 2D cultures 

In this work we used two different experimental controls: glass coverslip (2D Glass) and 2D 
graphene films (2D-G). Standard 2D neuronal networks are most commonly cultured on glass, 
while graphene films (see Methods) represent an additional control for material. In order to 
understand if the differences observed with neuronal networks on 3D scaffolds are due to 
graphene or 3D arrangement, we performed additional morphological and functional analysis in 
which we compared 2D cultures.   

Supplementary Figure S5 shows that after 7 DIV - although glia to neuron ratio is similar 
between 2D cultures (see Figure 2 of the manuscript) - astrocytes on 2D-G are larger, have less 
processes and cover completely the substrate (see Supplementary Fig. S5b). These differences 
were even more pronounced after 14 DIV where cell-free regions on glass surface increase while 
on 2D-G astrocytes retain their morphology and cover completely the surface (compare panel c 
and d of Supplementary Fig. S5). Similarly, after 14 DIV we observe a denser neuronal network 
on 2D-G, as shown by the staining of axons with SMI 312 (Supplementary Figure S5e-f). All 
these observations indicate that on 2D-G cells survive better than on glass. 

The observed differences could be related to the roughness of the graphene films surface that 
could enhance cell adhesion1. Further investigations are required using adhesion markers such as 
integrin, paxillin or vinculin.  

Morphological observations can be confirmed by the functional data. We observed that graphene 
itself does not affect the rate of activity (see Figure 3j), but higher density of neurites could have 
some effect on the synchronization (see Figure 3m). However, it still remains significantly 
different (i.e. lower) to what observed for 3D cultures.  

Moreover, we specify that the electrical conductivity of the materials alone, as well as their 
nanostructure, have been reported not to affect the excitability of neurons suggesting the synergy 
of multiple properties as a key factor2. In addition, few-layer graphene does not affect the 
frequency of the neuronal activity3. 

 



 

Supplementary Figure S5. Morphological comparison of 2D cultures. Hippocampal culture at 7 DIV on glass (a) 
and 2D-G (b) stained for β-tubulin III (TUJ1, red) and glial fibrillary acidic protein (GFAP, green). (c-d) GFAP-
positive astrocytes (green) and (e-f) SMI 312-positive axons (green) after 14 DIV on glass (left) and 2D-G (right) 
respectively. Nuclei were stained with Hoechst 33342 nuclear stain (blue). Scale bar, 50µm. 

1. Lorenzoni, M., Brandi, F., Dante, S., Giugni, A. & Torre, B. Simple and effective graphene laser processing for 
neuron patterning application. Sci. Rep. 3, 1954 (2013). 

2. Cellot, G. et al. Carbon nanotubes might improve neuronal performance by favouring electrical shortcuts. Nat 
Nano 4, 126–133 (2009). 

3. Fabbro, A. et al. Graphene-Based Interfaces Do Not Alter Target Nerve Cells. ACS Nano 10, 615–623 (2016). 

  



Supplementary Videos 

 

Supplementary Video S1. Axonal projection in 3D space. Axons on 3D-GFs project in all three dimensions 
connecting the different layers and extending for several hundreds of micrometers. Images were acquired with 20x 
and 0,5 NA objective for a total thickness of 95 µm with slice spacing of 1 µm. Cells were cultured for 2 weeks on 
3D-GFs and stained with axonal marker SMI 312. The arrow follows the axon that connects different planes of the 
scaffold. 

 

 
Supplementary Video S2. Calcium imaging. Neuronal culture loaded with 4µM Fluo-4-AM calcium indicator on 
3D-GF. Images were acquired with 20x and 0,75 NA objective, 5 Hz, a spatial resolution of 256 × 256 pixels and 
for 10 min. The movie reproduction has been made using 25 frames per second. 



4. Conclusion and Future Perspectives 

One aim of tissue engineering is to develop artificial substitutes for organs and tissues, 

mimicking the structure and function of the native tissue. These substitutes are used 

for preliminary testing and screening of drugs and therapies, and for the investigation 

of the molecular mechanisms underpinning disease onset and progression [70,105]. 

Three-dimensional (3D) tissue-engineered models can simplify the complexity of in 

vivo environment and overcome the limitations of animal models. In my Ph.D., I first 

focus on the development of more physiologically relevant in vitro microenvironments 

to mimic the complexity of brain connections. Together with my colleagues, we 

fabricated 3D graphene foams to grow a network of primary hippocampal cells. We 

found that the morphology and the dynamics of 3D neuronal networks differ from those 

of 2D neuronal networks and better recapitulate what is observed in vivo. These 

results show that dimensionality determines properties of neuronal networks and that 

several features of brain dynamics are a consequence of its 3D topology. In order to 

overcome the shortcomings of graphene foam with too large pore size, we fabricated 

a graphene–carbon nanotube (GCNT) web with full geometric, mechanical and 

electrical interconnectivity by in situ CVD growth of interconnected CNT web into the 

pores of graphene foam. Dissociated cortical cells cultured inside the GCNT web form 

a functional 3D cortex-like network exhibiting a spontaneous electrical activity that is 

closer to what is observed in vivo. By coculturing and fluorescently labeling glioma and 

healthy cortical cells with different colors, a new in vitro model is obtained to investigate 

malignant glioma infiltration. This fully 3D interconnected GCNT web is an ideal tool to 

study 3D biological processes in vitro representing a pivotal step toward precise and 

personalized medicine. 

One of the key issues in neural tissue engineering research is inflammation, in which 

microglia are the main player. Another part of Ph.D. work is to study the modulatory 

effect of nanofibrils substrates on microglia phenotype, which is my main and most 

original contribution. Firstly, I have modified the raw bacterial cellulose (BC) substrates 
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via dry-rehydration treatment in poly-ornithine and laminin solution to improve their cell 

adhesion capability. The modified bacterial cellulose (mBC) substrate was found to 

induce a high ramified microglia with constantly extending and retracting processes, 

reminiscent of what is observed in vivo. By using patch-clamp recordings, we have 

revealed that these ramified microglia acquire a more negative resting membrane 

potential and have increased inward rectifier K+ currents, which is similar to what found 

in aged microglia. By comparing gene expression profiles of microglia cultured on mBC 

substrates vs. microglia cultured on coverslips (Ctrl), we validated the sensitivity of 

microglia to the local environment, more than 4,000 genes were found differentially 

expressed, with the upregulated genes significantly enriched in immune response 

process and the downregulated genes mainly linked to cell adhesion and cell motion. 

These gene ontology (GO) and pathway enrichment results are consistent with the 

changes in microglial electrophysiological properties and the aging-like microglia 

properties. Furthermore, through in-depth analysis of ion channel gene expression, we 

have suggested that the increased expression of Kir2.1 could account for the elevation 

of inward rectifier currents, combining gene expression analysis and the inhibition 

experiment, we have also proposed Arp2/3 complex may play a role in mBC nanofibril-

induced microglial ramification and motility.  

The mBC nanofibrils substrate presents a significant modulation on microglia 

morphology and functions. To further elucidate the effect of mBC nanofibrils substrate 

on microglia immune response, I have used lipopolysaccharide (LPS) to stimulate 

microglia. Upon stimulation, microglia cultured on mBC nanofibrils substrate show 

enlarged cell areas and increased pro-inflammatory mediator release, while compared 

with microglia cultured on the coverslip substrates, display less cell area enlargement 

and pro-inflammation mediator secretion. As the alterations in cell shape associated 

with changes in ECM architecture were found to provide integral cues to modulate 

macrophage phenotype polarization [83], we propose that the mBC nanofibrils 

substrate may act via restricting microglia deformation to inhibit inflammatory mediator 

secretion. 
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With the progress in biomaterials and cell interface, biomaterial-based 

immunomodulation strategies are gradually emerging. Our studies have revealed the 

important role of mBC nanofibrils substrate on microglia phenotype modulation, 

especially on the aspect of morphology and immune response. Preliminary 

experiments have showed that in mBC nanofibrils substrate, the surface topographic 

cues could be the main regulatory factor, since dissolved BC film and other hydrogels 

fail to induce such microglia phenotype. In addition, cell morphology and RNA 

sequencing analysis indicated the involvement of cell adhesion and cytoskeleton 

organization related signaling pathways in this process. However, the specific 

modulation mechanisms still need further study. Furthermore, substrate topography 

and stiffness are closely related properties, more work is needed to independently 

control these two aspects, which allows individual assessment of the contribution of 

each physical cue to cell response or to explore potential synergistic effects and the 

underlying mechanisms.  

In the future it could be useful to gradually combine topographical, mechanical and 

biochemical cues of material, and even other cells to control microglia morphology, 

motility, phagocytosis ability and other properties, meanwhile to compare them with 

the microglia in organotypic slices or acute slices and reveal the regulatory mechanism. 

For the microglia resources, besides the primary cells, the induced pluripotent stem 

cell (iPSC)-derived microglia could be a good sample, especially for human microglia 

studies. Beyond the basic research, it would be interesting to apply these new in vitro 

model to study the progression of neuroinflammation and to evaluate new drug and 

drug target candidates for modulating microglial activation. 
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